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ABSTRACT 

A space-based radar mission and spacecraft, using a 300 kWe nuclear 
reactor power system, has been examined, with emphasis on aspects affecting 
the power system. The radar antenna is a horizontal planar array, 32 x 64 m. 
The orbit is at 61 deg, 1,088 km. 

The mass of the antenna with support structure is 42,000 kg; of the 
nuclear reactor power system, 8,300 kg; of the whole spacecraft about 
51,000 kg, necessitating multiple launches and orbital assembly. The assembly 
orbit is at 57 deg, 400 km, high enough to provide the orbital lifetime needed 
for orbital assembly. 

The selected scenario uses six Shuttle launches to bring the spacecraft 
and a Centaur G upper-stage vehicle to assembly orbit. After assembly, the 
Centaur places the spacecraft in operational orbit, where it is deployed on 
radio command, the power system started, and the spacecraft becomes 
operational. Electric propulsion is an alternative and allows deployment in 
assembly orbit, but introduces a question of nuclear safety. 
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EXECUTIVE SUMMARY 

This study examines the use of a 300 kWe (kilowatts electric) nuclear 
reactor power system for a Space-Based Radar (SBR) that observes moving 
objects. 
were also considered. 

Aspects of the mission and spacecraft bearing on the power system 

Important mission and spacecraft requirements were that the spacecraft 
will use 300 kWe of prime power; the radar antenna will be a horizontal planar 
array, 32 x 64 m; the antenna shall have an unobstructed downward view; 
preferably, no spacecraft elements shall extend beyond the antenna rectangle; 
the dose of ionizing radiation from the power system to the antenna shall not 
exceed 1 x lo5  rad, integrated over five years of operation; the orbit shall 
be at 61 deg inclination, approximately 1,100 km altitude; and the pointing 
accuracy shall be plus or minus 0.2 deg. 

The spacecraft mass, excluding propulsion, was found to be about 
51,000 kg, of which 8,300 kg is the mass of the power system. The energy 
source is a fast-spectrum reactor fueled with uranium nitride and cooled with 
liquid lithium. A shield shadows the rest of the spacecraft from reactor 
radiation and an extendable boom further reduces the dose. 
heats one end of a set of Si-Ge thermoelectric elements. Waste heat from the 
cold end of the thermoelectrics is removed by heat pipes and radiated to 
space. Electrical power produced by the thermoelectrics is conditioned and 
delivered to the rest of the spacecraft as constant voltage dc. The reactor 
operates at constant power and temperature. Load changes at rates up to 
3-30 kWe/s are handled by dumping unneeded power through shunt resistors in 
the power system; faster changes are handled by capacitors in the radar 
antenna system. 

Pumped lithium 

The power system boom and main radiator fold to permit the system to 
fit within a 9-m-long portion of the Shuttle cargo bay or Titan 4 launch 
vehicle fairing. They deploy on command. The deployed length of the power 
system is about 25 m; the width, about 20 m. The thermal radiation from the 
power system to the rest of the spacecraft is limited to 1 sun. 

The radar antenna, with its supports and interconnects, has a mass of 
42,000 kg. It is divided into four 16 x 3 2  m quadrants. Each is stiffened by 
trusses. Additional structure connects the quadrants to each other and to the 
rest of the spacecraft. 

Communications are relayed through the Tracking and Data Relay Satellite 
System (TDRSS) or another satellite. 
communications antennas are provided on the SBR spacecraft. 
Global Positioning System (GPS). 

Small medium-gain and low-gain 
Navigation is by 

Attitude control sensors include horizon and celestial sensors. 
Control torque is provided by control moment gyros, which are unloaded by 
interaction with the Earth's magnetic field. Attitude changes will be 
relatively slow, but not because of the power system. 

Two spacecraft configurations were evaluated, one with the power system 
boom parallel to the radar antenna and one with it perpendicular. The 
parallel configuration led to problems with undesirable radar reflections from 
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elements of the spacecraft and with an asymmetrical mass distribution 
affecting the attitude control. The configuration with boom perpendicular to 
the radar antenna was, therefore, selected. 

Various methods of placing the spacecraft in its operational orbit were 
considered. Preferred is a series of six Shuttle launches from Cape Kennedy, 
which place in an assembly orbit at 5 7  deg inclination, about 400 km altitude, 
four quadrants of the radar antenna, the remainder of the spacecraft, and an 
off-loaded Centaur G-class upper-stage booster vehicle. (This work was done 
before the NASA decision not to carry Centaur on the Shuttle.) The elements 
brought up in each Shuttle launch are left in orbit with passive temperature 
control and no attitude control. Each successive Shuttle flight recovers the 
parked package and, using the Remote Manipulator System (RMS) and Extra 
Vehicular Activity (EVA), assembles it to the element just brought up, and 
releases it to await the next flight. The time needed for the multiple 
Shuttle flights, which may be as much as a year, means that the parked 
assemblies must remain in orbit for this length of time. A minimum altitude 
of about 400 km is needed to assure such orbital lifetime. After the last 
Shuttle flight, the Centaur brings the spacecraft to operational orbit where 
its boom, main radiator, and radar antenna are deployed. 

An alternative scenario uses an electric propulsion module in place of 
the upper stage. This module has ammonia propellant and arcjet thrusters. 
The boom and antenna are deployed in the assembly orbit, permitting 
considerable checkout before the Shuttle leaves. The power system is then 
started and provides power for propulsion to the operational orbit. This 
scenario requires careful examination of possible safety problems associated 
with starting the reactor at 400 to 500 km altitude. In case of malfunction, 
the orbital lifetime of the spacecraft and, therefore, the time for 
radioactivity to decay before re-entry, is rather short at such altitudes. 

If Titan 4 ' s  are used for launch in place of the Shuttle, one or more 
Shuttle flights could be added for astronaut-aided assembly of the elements 
parked in orbit by the Titans. 

Assembly at the Space Station is possible but, because the inclination 
of the Station orbit (28.5 deg) differs considerably from that needed by the 
spacecraft, the required propulsive energy is very high. Suggested is 
electric propulsion using xenon propellant with ion thrusters. 
require additional launches, but the orbital transfer time is about 15 months. 

This does not 

Safety was given first priority in the power system design and in 
operational plans. Except for zero-power testing, the reactor is not turned 
on until a stable orbit is reached. Until then, it will not contain 
significant radiation inventory. The reactor is designed to remain 
subcritical after any credible handling, launch, or ascent accident, and 
during re-entry, ground impact, and immersion in water, or burial in soil. It 
is never operated near the Shuttle or the Space Station. Mission profiles and 
orbital lifetimes ensure that, even if a failure occurs in flight, the 
probability of hazardous exposure from the reactor is very low. 
reactor has operated, it is advisable to turn it off and allow time in orbit 
for most of the radioactivity to decay to minimize the risk associated with 
re-entry. At the end of mission, the reactor is turned off by ground command, 

Once the 
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backed up by an on-board clock. 
power system in a permanent storage orbit at end of life was adopted too late 
to be reflected in this report.) 
spring-driven safety rods or drums will shut down the reactor. If 
communications are lost for more than a preset interval, the control system 
will shut down the reactor. Two independent shutdown means are provided. The 
reactor will remain intact during re-entry and will not scatter residual 
radioactivity. 

(The SP-100 Project policy of placing the 

If electric power for control is lost, 

Some of the findings concerning the nuclear power system are: 

Extended orbital storage of the power system will be needed for 
missions involving multiple launches and orbital assembly. It 
seems that this will be possible without attitude control, using 
only passive temperature control. 

The shield prescribed by the current space reactor power system 
specification is not adequate from the space-based radar that was 
studied. The shield configuration, both thickness and area, will 
have to be specific to the spacecraft on which the power system is 
used. 

The currently specified limit on thermal radiation from the power 
system to the rest of the spacecraft may be difficult to meet with 
some radiator configurations, and may be important in selection 
and design of the radiators. Also, the current limit may be too 
high for the space-based radar and, perhaps, for some other 
spacecraft. 

Ability to operate the reactor at low power levels appears 
unnecessary for the mission examined in this study. 

findings relevant to the space-based radar mission are: 

Because of the large mass and size of the radar antenna, multiple 
Shuttle or Titan 4 launches are needed to put the spacecraft into 
orbit. 

Extensive orbital assembly will be required. Shuttle-based 
techniques for such assembly will have to be defined and developed. 

Assembly at the Space Station appears undesirable because of the 
large difference in inclination between the Space Station orbit 
and the spacecraft operational orbit, requiring a very large 
orbital velocity increment for transfer between these orbits. 

Extended orbital storage will be needed during orbital assembly. 
Temperature control solutions are needed for each of the 
spacecraft elements parked in orbit during the assembly sequence. 

If start-up of the power system in assembly orbit or other low 
Earth orbit is contemplated, nuclear safety design, as it pertains 
to planned or unplanned re-entry, will be very important. 
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( 6 )  Because of the low structural frequencies expected, rapid changes 
in spacecraft attitude will probably not be possible. 

( 7 )  It is not clear whether electronic components on the radar antenna 
can be kept within permissible temperature limits when the antenna 
is receiving the currently allowable thermal radiation equivalent 
to 1 sun from the power system, plus thermal radiation from the 
sun and Earth. 

( 8 )  Launch of the radar antenna selected for this study will be very 
costly and requires a major commitment of launch resources. There 
is much incentive to reduce the antenna mass and to find mission 
profiles with fewer launches. 
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SECTION I 

INTRODUCTION 

This r ents results of a study of th use f a nuclea reactor 
power system for a space-based radar. 
that bear most directly on the power system are also considered. 

Aspects of the mission and spacecraft 

The report was prepared by the Systems Design Audit Team of the SP-100 
Project. The goal of the SP-100 Project is to develop and demonstrate a 
multi-hundred kilowatt Space Reactor Power System (SRPS). 

Among the objectives of the Systems Design Audit Team are to define 
system requirements for a 300 kWe SRPS through examination of candidate 
missions and spacecraft, and t o  examine problems of SRPS utilization for 
selected missions. Its approach for fiscal year 1986 (FY'86) included 
examination of two candidate missions to assess their implications for the 
SRPS, and to throw light on the use of SRPS for  such missions. The missions 
selected were a Space-Based Radar (SBR) and an Orbital Transfer Vehicle (OTV). 
Work on the OTV is described in Reference 1; work on the SBR is the subject of 
this report. 
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SECTION I1 

MISSION SELECTION AND REQUIREMENTS 

A. SELECTION AND REQUIREMENTS 

Prior to the initiation of this study, 300 kWe had been selected as the 
design power level for development and ground test of key portions of a SRPS. 
A power level of 300 kWe was assumed for the spacecraft to maximize 
applicability of the study to the planned SP-100 effort. 

A radar mission was chosen for study because of potential user interest 
and potential appropriateness of the 300 kWe power level. 
radar to observe moving objects was selected rather than a side-looking radar 
to observe the Earth's surface, because more information about possible 
missions and spacecraft was available, and interest among possible users was 
better established. 

A phased array 

Mission requirements were established after discussions with 
G. Tsandoulas and D. Weidler at Lincoln Laboratory, and R. Jordan at JPL 
(Appendix B-1). They are: 

Operational orbit: 

Operating life: 5 years 
Radar antenna size: 32 x 64 m 
Field of view: Radar antenna shall have an 

Approximately 1,100 km altitude 
circular at 61 deg inclination 

unobstructed view over 2 pi 
steradians, centered on the 
nadir 

Deployment: Assembly on-orbit is permissible 
Prime power level: 300 kWe 

Power output form: To be determined (TBD) 
Permissible dose of ionizing 

Duty cycle: 10-100% 

radiation to antenna 
From SRPS: 
From all sources: 

Initial operational 

1 x lo5 rad 
1 x lo7 rad 

Year 1998 capab i 1 i ty 

B. DISCUSSION OF REQUIREMENTS 

The 300 kWe of prime power was assumed as given, not derived from 
quantitative analysis of radar needs for a specific mission. However, the 
performance of the radar would be enhanced by using 300 kWe rather than lower 
power. For instance, objects with lower radar cross-section could be detected 
and detection could be ensured for a shorter travel distance of the objects. 
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Also, the 32 x 64 m antenna size was not derived from detailed 
examination of radar performance needs. Rather, a previous study by Lincoln 
Lab had indicated that a 16 x 32 m antenna was desirable for a specific 
mission at roughly 75 kWe power; Lincoln Lab personnel suggested that an 
antenna with four times this area would be appropriate for four times the 
power. 
tracking of objects with lower radar cross-section (Appendix B-1). 

The larger antenna would reduce the clutter and permit detection and 

The prime power is to be available at all times that the radar is in 
operational status. 
of its orbit. This contrasts with a solar-powered orbital radar, for which 
eclipses by the Earth generally limit availability of the power to a portion 
of each orbit. Batteries must then be used to store the energy for the 
radar. The available power, averaged over the orbit, will be less than that 

peak power from the primary source, same radar power, and same number of 
spacecraft, a larger portion of the Earth's surface can be covered with 
nuclear-powered radars than with solar-powered. Also, the ability to operate 
the radar continuously provides an option to reduce on-off cycling of the 
Transmit/Receive (T/R) modules and the problem of temperature fluctuations 
during eclipse could be ameliorated. 

Thus, the radar could be used during any or all portions 

I from the nuclear power system with the same peak input power. For the same 

Performance of several space-based radars utilizing SP-100 power sources 
are discussed in Reference 2. Performance of space-based radars has been 
examined by R. Jones. * 

The radar antenna T/R modules are assumed t o  use GaAs components. 
Hence, the high total radiation dose allowable. Most of this is, however, 
reserved for natural and hostile radiation.2 The spacecraft orbit is in a 
region of high electron f l u  due to the Earth's inner radiation belt. Through 
thin shielding, the resulting dose can be very high.3 

C. OPERATIONAL ORBIT 

The operational orbit was specified as "approximately 1,100 km" altitude 
circular at 61 deg inclination. 
altitude of 1,088 km, nominal eccentricity about 0.001, there is an orbit 
which reduces the excursion in altitude due to harmonics in the Earth's 
gravity field without the need for orbit circularization maneuvers. This 
orbit was selected. 

Earlier orbit analysis4 showed that at an 

lJones, R., SP-100 SBR Study, Jet Propulsion Laboratory, Pasadena, 
California (in final review). 

2Jones, R., Radiation Tolerances for SBR T/R Modules, JPL IOM 312/84.3-2806 
to L. Jaffe, December 10, 1984. 

3See Appendix pp. 10-15 of Footnote 1: Horton, C., Natural Environment 
Definition for SP-lOO/Mission A. 

4See Appendix pp. 1-7 of Footnote 1: Uphoff, C., SBR Orbit Analysis. 

2-2 



SECTION 111 

SPACECRAFT AND POWER SYSTEM FUNCTIONAL REQUIREMENTS 

A. REQUIREMENTS 

Using the previously mentioned mission requirements and other inputs 
from Lincoln Laboratory (Appendix B-11, functional requirements were 
established as follows. 

1. General 

The Technical Specification for the SP-100 Space Reactor Power 
System (SRPS): Exhibit 1 (Reference 3 )  is the system specification that shall 
be used as a guide. 

2. Spacecraft Orientation 

The spacecraft shall operate with the radar antenna plane 
horizontal and the long axis of the antenna parallel to the orbital velocity 
vector. 

3 .  Edge Reflections 

No portion of the spacecraft outside the radar antenna rectangle 
shall be within 1 m of the plane of the nadir face of the antenna. 

Preferably, no portion of the spacecraft shall be outside the radar 
antenna rectangle. 

4 .  Pointing Requirements 

The pointing angle accuracy during SBR operations shall be plus or  
minus 0.2 degrees. 

The spacecraft yaw angle (angle about the nadir axis) shall vary plus or 
minus 3.5 degree/orbit, synchronized with the sine of the latitude. 

5. Power Requirements 

During operation the SRPS shall be capable of delivering 300 kWe 
to the rest of the spacecraft. This includes transmitter and all other loads. 

The SPRS shall maintain voltage as prescribed in the systems 
specification while following load changes of 0-100% in (TBD) milliseconds. 

The interface for power output from SRPS to the rest of the spacecraft 
shall be per the system specification. 

Additional power processing and distribution required by the transmitter 
and other spacecraft systems shall be provided by those systems. 
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6. Maximum Acceleration 

After deployment of the antenna and the radiator, maximum 
acceleration shall be 0.01 g parallel to the boom. Acceleration perpendicular 
to the boom is not required. 

7. Structural Requirements 

The lowest frequency of free vibration of the spacecraft shall be 
no less than 0.01 Hz. 

The effective shape of the antenna shall be maintained flat within 10 mm 
(0 .4 in.) by structural or electrical means. 

8 .  Survivability 

Survivability requirements shall be as stated in the system 
specification. 

B .  DISCUSSION OF REQUIREMENTS 

The Technical Specification for the SP-100 Space Reactor Power System 
(SRPS): Exhibit 1 cited (see Reference 3 )  is not the current version, but the 
system specification in effect at the beginning of this study. As a result of 
this and other studies, an update reflecting conclusions of the studies has 
been issued (Reference 4). 

Fine-pointing and scanning of the radar beam is done by phasing T/R 
modules distributed over the antenna. 

The rate of load-following was examined during the study, as noted in 
Appendix B-2. 
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SECTION IV 

SPACECRAFT SYSTEMS 

Among the major spacecraft systems are the radar, SRPS, attitude 
control, command, data handling, and communications. 

A. RADAR SYSTEM 

The radar antenna is divided into four quadrants, each 16 x 32 m. Each 
quadrant includes T/R modules distributed over the upper side of the antenna. 
The quadrant is stiffened and held flat by trusses above the T/R modules. 
This structure is sized to keep the antenna flat as required during operation, 
but will also support the antenna (not operating) at axial acceleration of 
0.1 g. Additional structural members interconnect the quadrants in the 
operational configuration and connect them to the central body of the 
spacecraft. In operation, the long (64 m) axis of the antenna is parallel to 
the orbital velocity vector. 

The radar system incorporates power processing specific to the radar. 
Capacitance is included which permits the peak transmitted power to exceed the 
300 kW average power provided by the SRPS and provides short-period load 
following of the radar output. 

The performance of the radar system is classified and is not described 
here. 

B. SPACE REACTOR POWER SYSTEM (SRPS) 

The SRPS is described in Section V. Once brought up to power, it can 
provide 300 kW dc to the rest of the spacecraft. 

C. ATTITUDE CONTROL 

The attitude control system is described in Section XI. 

D. COMMUNICATIONS 

Small (less than 1 m diameter) directional antennas, plus low-gain 
antennas, are provided as part of the communications system. Communications 
are relayed through TDRSS or another ~atellite.~ 

5See Appendix pp. 22-27 of Footnote 1: Hansen, D., Telecommunications 
Subsys tem. 
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E. COMMAND AND DATA HANDLING 

These systems handle radar and other data to be transmitted to Earth, 
and the commands received by the spacecraft. 

F. NAVIGATION 
I 

Navigation is via the Global Positioning System (GPS). 



SECTION V 

SPACE REACTOR POWER SYSTEM CONCEPT 

Present concepts of the SRPS are described in Reference 5. Briefly, the 
SRPS uses as its energy source a fast-spectrum reactor fueled with enriched 
uranium nitride and cooled with liquid lithium. A shield shadows the rest of 
the spacecraft from nuclear radiation, and an extendable boom keeps the rest of 
the spacecraft away from the reactor. The lithium coolant is moved by 
electromagnetic pumps to a heat exchanger, where it heats one end of a set of 
thermoelectric elements made of silicon-germanium, doped with gallium phosphide. 
Waste heat from the colder end of the thermoelectric elements is removed by heat 
pipes and radiated to space. Electrical power from the thermoelectric elements 
is conditioned and delivered to the rest of the spacecraft as regulated constant 
voltage dc. A secondary bus provides power for emergency or special loads, and 
for use prior to start-up of the main power system. 

The reactor operates at constant power and temperature; load changes are 
accommodated by dumping unneeded power through shunt resistors. This provides 
load following on a fairly rapid time scale (discussed below). 
transients are handled by the capacitors i n  the radar system. 

Faster load 

An aim of SP-100 is to develop a power system that can be scaled from 
10's of kWe (kW electric) to 1 MWe. This study, however, was specifically 
concerned with a 300 kWe system. One proposed concept of a 300 kWe system is 
shown in Figure 5-1. 
to the reactor is the shadow shield. Behind the shield are the flat radiator 
panels. The primary heat transport system takes the heat from the reactor and 
conveys it to thermoelectric power conversion modules situated along the 
radiator panels. The electricity produced is carried by cables along the boom 
to a control and power conditioning module. Here it is regulated, and 
unneeded power is dumped. This module also provides the interface to the rest 
of the spacecraft: commands to the power system and telemetry from the system 
are transmitted via this interface. 

The various elements lie essentially in a plane. Next 

When folded for launch, the SRPS fits in the Shuttle orbiter payload bay 
or in the shroud of the Titan 4. The proposed version occupies about 9 m of 
Shuttle bay length (Figure 5-2). The boom is deployed after the system is 
placed in orbit. 
sequence, after the lithium coolant, solid during launch, has been melted. 
When fully deployed, the length of this candidate SRPS is 25 m; its width, 
about 20 m (Figure 5-1). 

The main radiator is deployed as part of the start-up 

Other candidate SRPS configurations are under consideration (see 
Reference 5) .  
associated primary heat transport and power conversion equipment. The config- 
uration shown in Figure 5-1 and elswhere in  this report is illustrative only. 

They differ primarily in the geometry of the radiators and of 

The boom length and shield thickness are designed to limit the radiation 
dose delivered to the rest of the spacecraft by the reactor, 1 x l o5  rad of 
gama radiation and 
full-power design life of the reactor. 
required for this mission.) 

neutrons/cm2 integrated over the seven year 
(Note: Only five year life is 
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Figure 5-1. Candidate 300 kWe Space Reactor Power System, 
Operational Configuration 
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SHUTTLE PAYLOAD ENVELOPE 

-7 - - - - -  

Figure 5-2. Candidate 300 kWe Space Reactor Power System 
Stowed for Launch 

The SRPS main radiator operates at 850-900 K. The thermal radiation 
delivered to the rest of the spacecraft is not to exceed 1 sun (1.4 kW/m2). 

The SRPS is designed to operate with minimal attention from the ground 
or the rest of the spacecraft. The start-up sequence, from initiation to full 
power, takes less than 24 hours. Once up to full power, the SRPS will operate 
without commands for at least six months; a command then is needed only to 
inform the SRPS that continued operation is desired. 

The SRPS will withstand the natural environment around the Earth for 
10 years and still deliver rated power. This includes withstanding ionizing 
particles at the peak of the Van Allen belts, meteoroids, and debris at all 
altitudes. It is moderately resistant to hostile threats such as lasers and 
nuclear explosions and can be hardened further if desired. 

Nuclear safety aspects of the SRPS are discussed in Section XIII. 
Further systems aspects are discussed in Reference 5. 
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SECTION VI 

I 
I Electric propulsion would be used with the radar antenna, and the SRPS 
I boom and main radiator deployed. The location of the electric propulsion 

system was, therefore, examined. 

I SPACECRAFT CONFIGURATION 

A. OPERATIONAL CONFIGURATION 

Two principal operational configurations for the SBR spacecraft were 
evaluated. Both have as major elements the SRPS, the mission module (containing 
the communications, command, and attitude control electronics), the radar 
central power conditioning, the signal processing module, and the radar antenna 
with its supporting and connecting structure. 
the SRPS boom axis is vertical; in the other (Figure 6-lb), it is horizontal. 

In one configuration (Figure 6-la) 

The horizontal boom configuration has advantages in regard to transfer 
of radiation from the SRPS to the radar antenna and the electronics modules. 
Since the radar antenna is almost edge-on to the reactor, it provides some 
self-shielding. Also, the main SRPS radiator partially shields the mission 
module, signal processing module, and the antenna from reactor radiation. The 
antenna and the main SRPS radiator are almost edge-on to each other, so heat 
transfer from radiator to antenna is minimized. 

The horizontal boom configuration has, however, difficulties with edge 
reflection of the radar beam. Much of the spacecraft is outside the radar 
antenna rectangle. 
least 1 m above the lower face of the antenna, they must be offset from the 
antenna plane. This means that the center of gravity (CG) of the antenna, 
which is the most massive subsystem, will not lie along the boom axis. The 
resulting mass assymetry is undesirable from the standpoint of spacecraft 
dynamics and attitude control. 

Moreover, to keep these portions of the spacecraft at 

The edge reflection and mass asymmetry problems were considered 

Appendix B-3 gives additional information. 
important and led to selection of the vertical boom configuration, Figure 6-2, 
for this study. 

B. CHEMICAL PROPULSION CONFIGURATION 

As discussed below, either chemical or electric propulsion may be used 
to bring the spacecraft from its Shuttle (or Titan 4) launch vehicle to 
operational orbit. 
assembled, but not deployed. 
the end opposite the reactor (Figure 6-3a). 

Chemical propulsion would be used with the spacecraft 
It is best located along the spacecraft axis, at 

C. ELECTRIC PROPULSION CONFIGURATION 
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Figure 6-1. Candidate SBR Operational Configurations, (a) Boom Axis Vertical, 
(b) Boom Axis Horizontal 
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Four locations were considered. (In the following discussion, the front 
face of the planar antenna is the face that looks downward during radar 
peration.) The locations are: 

(1) Propulsion just inboard of the four corners of the radar antenna, 
on the back face. Thrust exhausts away from the antenna back face. 

(2 )  Propulsion just inboard of the four corners of the radar antenna, 
on the front face. 
face. To avoid degradation of the antenna pattern, the propulsion 
modules are jettisoned prior to radar operation. 

Thrust exhausts away from the antenna front 

( 3 )  Propulsion at center of radar antenna, on the front face. Thrust 
exhausts away from the antenna front face. To avoid degradation 
of the antenna pattern, the propulsion module is jettisoned prior 
to radar operation. 

(4) Propulsion is located along the boom, close to the spacecraft CG. 
Thrust exhausts at right angles to the boom. 

Advantages and disadvantages of the four locations are: 

With locations 1 and 2, a high moment arm is available for attitude 
control during thrusting. However, if any one of the four propulsion modules 
fail, the diagonally opposite one must be shut down, and half the thrust is 
lost. With arcjets, used in the preferred mission profile (below), each 
module would have only one engine; and failure of one engine would lead to 
loss of half the thrust, unless a spare engine is provided for each operating 
engine. If a separate propellant tank is provided for each module, such a 
loss would also mean loss of half the available propulsive energy. If a 
central tank is used, plumbing out to the antenna corners will have to be 
deployed o r  assembled in orbit. 

Location 1 also has the disadvantage that the thruster exhaust is likely 
to contaminate the SRPS main radiator surfaces and, perhaps, other important 
spacecraft surfaces. Location 2 avoids this, but requires discarding the 
propulsion modules before starting radar operation; so they would not be 
available for any later orbit adjustment, or for unloading the control moment 
gyros used for attitude control. 

Location 3 uses a single propulsion package and, so, avoids the 
reliability problems just mentioned. It should minimize contamination, 
because no spacecraft elements are within 90 deg of the exhaust direction. It 
has the disadvantage that the propulsion module must be jettisoned before the 
radar is operated. 

Location 4, like 3, avoids the reliability problems associated with 
splitting the propulsion. The exhaust, however, will probably contaminate part 
of the upper surface of the antenna, which serves as a radiator to dissipate 
heat generated in the T/R modules and other elements located on the antenna. 

k 

Location 3 was selected, and is illustrated in Figure 6-3b. It was felt 
that propulsion should not be needed after the spacecraft is in operational 
orbit, and gyros can be unloaded by magnetic torquing of the spacecraft. 
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D. STOWED CONFIGURATION 

Since the spacecraft is to be launched either by the Space 
Transportation System (STS) or the Titan 4 (see Section VIII), it must fit 
within the Shuttle Orbiter cargo bay and the Titan 4 shroud during launch, and 
must fall within the cargo mass limits of these vehicles for the inclination 
and altitude of the orbit to which it will be launched. The antenna alone, 
with its associated structure and structural interconnections, has a mass of 
about 42,000 kg. Multiple launches and assembly in orbit are needed. 

For transport by the Shuttle or Titan 4 ,  the spacecraft, excluding 
propulsion, is divided into five packages. The 32 x 64 m antenna is designed 
as an assembly of four 16 x 3 2  m quadrants, placed edge-to-edge. Each 
quadrant folds into a package 1.8 x 2 x 16 m for stowage. The quadrant, with 
its support and interconnect structure, is placed in the Shuttle bay or Titan 
4 shroud for launch. Each quadrant self-deploys in orbit on command. 
Figure 6-4 shows one folded quadrant stowed in the Shuttle. Two quadrants 
with structure will fit within the available volume, but exceed the allowable 
cargo mass for the orbit needed. The possible alternative of dividing the 
antenna into thirds has not been examined. 

The fifth launch package includes the remaining elements of the SBR 
spacecraft, less propulsion: the SRPS, radar central power conditioning, the 
mission module (communications, command, attitude control electronics, etc.), 
and signal processing. These elements stow within one Shuttle bay 
(Figure 6-5) or one Titan 4 shroud and require one additional launch. 

Because of the Shuttle/Titan 4 cargo mass limitations, the propulsion 
system cannot be launched with the rest of the spacecraft but must be launched 
separately and assembled with it in orbit. 
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SHUTTLE 
ANTENNA CARGO BAY 
QUADRANT ENVELOPE 

/ 

Figure 6-4. Stowed Configuration of SBR Antenna Quadrant i n  Shut t le  Cargo Bay 

SRPS MAIN 
RADIATOR 

MISSION MODULE 

SIGNAL PROCESSOR 
AND CENTRAL RADAR 
POWER CONDITIONING 

/ /  SHUTTLE 
CARGO BAY 

Figure 6-5. SBR Mission Module, Signal Processing Module, and Space Reactor 
Power System, Stowed i n  Shuttle Cargo Bay 
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SECTION VI1 

MASS BREAKDOWN 

Table 7-1 gives a mass breakdown for the spacecraft. The Space Reactor 
Power System contributes 8,300 kg, the radar system and associated structure 
42,800 kg, and remaining items 250 kg, for a total, without propulsion, of 
51,300 kg. This is a very large and massive spacecraft! 

The SRPS mass is larger than that mentioned in Reference 5; because a 
large (and therefore heavy) shield is needed to protect the very large antenna 
from reactor radiation. (See Appendix B - 4 . )  

As already mentioned, either chemical or electrical propulsion may be 
used to transfer the spacecraft from assembly orbit to operational orbit. If 
electrical propulsion is used, an electric propulsion module would form part 
of the spacecraft. Its mass, for the scenario selected (Section 1x1, is shown 
in Table 7-1. If chemical propulsion is used, it would be provided by a 
separate upper stage. 
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Table 7-1. Spacecraft Mass Breakdown 

SPACE REACTOR POWER SYSTEM 
Reactor 
Shield 
Heat transport 
Power conversion 
Heat reject ion 
System control, power conditioning, and distribution 
Structure 

1,650 
1,580 
1,450 

7 7 5  
1,440 

950 
4 20 

SRPS total 8,265 

MISS ION MODULE 
Communications, command, 
attitude control 

Mission module total 

RADAR 
Radar central power conditioning 
Signal processing 
Antenna 

4 antenna quadrants 
(8818 kg each) 

Antenna structure 
Structural interconnects 

250 

250 

250 
272 

35,272 
6,300 

700 

Antenna total 42,272 

Radar total 42,794 

SPACECRAFT TOTAL = 51,309 
(without propulsion system) 

ELECTRICAL PROPULSION SYSTEM (if used) 
Electric propulsion unit 
Pro pe 1 Ian t (NH 3 ) 
Tank 

4,057 
5,820 
1,861 

Electric propulsion total 11,738 

SPACECRAFT TOTAL = 63,047 
(with electric propulsion system) 
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SECTION VI11 

LAUNCH VEHICLE AND PROPULSION 

A. LAUNCH VEHICLE 

At the beginning of this study, only a launch by the Space Transportation 
System (STS) was considered. 
assumed. Recently, it became apparent, as a result of the Challenger Shuttle 
accident, that launch by an expendable launch vehicle should be considered; 
the Titan 4 was chosen because of its close match to STS capabilities. The 
cargo mass capabilities of the Titan 4 are slightly less than that of the STS; 
the cargo space available in the Titan 4 matches that of the Shuttle Orbiter 
cargo bay plus an additional conical volume. 
Shuttle launch needs little modification for use with the Titan 4. Launch 
vehicle integration and arrangements for orbital assembly will be 
significantly different, however. 

In almost all of the study, STS launch was 

The scenario prepared for the 

The dynamic envelope for cargo in the Shuttle Orbiter is 18.3 m long and 
4 . 3  m in diameter. A small space, 1 m long, may have to be reserved at one 
end for astronaut access to the cargo bay. 

Assumed cargo mass capabilities were based on information about the STS 
available prior to the Challenger accident. 
appeared that Shuttle capabilities may be significantly reduced because of 
changes to increase safety; this development was subsequent to most of the 
work described in this report and is not considered here. 
differences between Titan 4 and STS capabilities has not been examined. 

At the time of this writing, it 

Also, the effect of 

The maximum orbital inclination for launch azimuths allowable from 
Kennedy is 5 7  deg; the minimum from Vandenberg is 70 deg. 
61 deg selected for the SBR, but the Kennedy launch to 57  deg is closer and 
would permit higher cargo mass. Launch from Kennedy was, therefore, 
selected. Two inclinations for the launch vehicle orbit were examined: 
57 deg, which minimizes the orbital plane change required, and 28.5 deg, an 
eastward launch from Kennedy, which maximizes the mass that can be brought to 
launch vehicle orbit. 

Neither reaches the 

The cargo mass the Shuttle can bring to orbit depends not only on the 
orbit, but also on such variables as the thrust level of the Orbiter main 
engines, which particular Orbiter is used, whether or not an RMS is carried, 
the duration of the Shuttle flight, the number of astronauts, use and extent 
of EVA, various operating reserves, etc. 
Appendix B-5 were selected for this study. 

The performance values described in 

B. PROPULSION FROM LAUNCH VEHICLE ORBIT TO OPERATIONAL ORBIT 

Two propulsion methods were considered for transfer of the spacecraft 
from the launch vehicle orbit to operational orbit: 
propulsion. 

Chemical and electrical 
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For chemical propulsion, an upper stage using cryogenic hydrogen-oxygen 
propellant, with an Isp of 444 lbf-s/lbm (4 ,360 N-s/kg), was assumed. 
required propellant mass, derived below, turned out to be 9,600 kg or more, 
corresponding to a Centaur G-class stage. 
Centaur from the Shuttle came when this study was essentially complete, and is 
not reflected in this report. 

The 

The NASA decision not to fly 

For electrical propulsion, the characteristics listed in Table 8-1 were 
assumed. 
ammonia arcjets, with Isp of 1,000 lbf-s/lbm (9,810 N-s/kg), and xenon ion 

of 3,000 to 4,700 lbf-s/lbm (29,400 to 46,100 N-s/kg). thrusters , 
[Performance was a so calculated for Isp of 1,100 lbf-s/lbm (10,800 N-s/kg) 
for arcjets and 2,000 lbf-s/lbm (19,600 N-s/kg) for ion thrusters, but 
attainment of these Isp values was considered to be a high risk for the time 
period of interest. 1 

The propellants and thrusters considered for this mission were 

with I S P  

C. TRAJECTORY AND PROPELLANT MASS 

1. Candidate Starting Orbits and Propulsion Modes 

Because performance is better with the chemical upper stage or 
electric propulsion than with the STS or Titan 4 ,  the launch vehicle should 
not be brought higher than necessary; its cargo capability falls rapidly with 
increasing altitude. However, the assembly orbit must have an altitude of at 
least 400 km or so because of orbital decay, as discussed in Section X-C and 
Appendix B-7. It was assumed that the STS or Titan 4 launch vehicle must 
bring the spacecraft elements, and the additional propulsion needed, to a 
circular orbit at this altitude or higher. If spacecraft elements are parked 
at 400-450 km, some orbital decay will occur before and during assembly; the 
assembled spacecraft will be slightly lower at the start of the next 
propulsion burn. 
to be assembled at the Space Station. The Space Station orbit was taken as 
500 km circular at 28.5 deg inclination. At this altitude orbital decay 
during assembly will be small (Appendix B - 7 ) .  

A higher initial orbit would be needed if the spacecraft is 

Three starting orbits were considered for the transfer burn: 

(1) 400-450 km altitude, 28.5 deg inclination, circular. 

(2 )  400-450 km altitude, 57 deg inclination, circular. 

( 3 )  500 km altitude, 28.5 deg inclination, circular (Space Station). 

For each starting orbit, three propulsion modes were considered. Each 
brings the spacecraft to its operational orbit of about 1,100 km altitude 
circular, 61 deg inclination. (More exactly, 1,088 km, 0.001 eccentricity. 
The slight difference does not affect the conclusions of this section.) 
three propulsion modes are: 

The 

(1) Chemical, to the operational orbit. 

(2 )  Electrical, to the operational orbit. 
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Table 8-1. Electric Propulsion Characteristics Assumed (time period 1995-2000) 

ARC JETS 

Propellant 
Isp, lbf-s/lbm 
Engine input power, kW 
Efficiency, PPU 
Efficiency, engine 
Thruster mass, kg 
Engine-associated mass, kg 
(including thruster) 
PPU specific mass, kg/kW## 
Tankage & plumbing mass 
Lifetime, h 

ION THRUSTERS 

Propellant 
Engine size, cm 
Ispl lbf-s/lbm 
Engine input power, kW 
Efficiency, PPU 
Efficiency, engine 
Thruster.mass, kg 
Engine-associated mass, kg 

PPU specific mass, kg/kW## 
Tankage 6 plumbing mass, kg 
Lifetime, h 

(including thruster) 

"3 
1,000 
100 
0.96 
0.45 
38. a 
150 
1.4 

Per 
1,000 

# 
Xe 
50 

2,220 
13 
0.92 
0.62' 
20.4 

ao 
3.5 

5,000 

# # 
"3 H2 

1,100 1,500 
100 100 
0.96 0.96 
0.45 0.54 
38.8 38.8 

150 150 
1.4 1.4 

Pa 1 as zews ki 
1,000 1,000 

Xe Xe 
50 50 

19 29 
3,000 3,684 

0.92 0.92 
0.65 0.75 

20.4 20.4 

100 120 
2.7 2.2 

Per Palaszewski6 
5,000 5,000 

# 
H2 

1,800 
100 
0.96 
0.54 
38.8 

150 
1.4 

1,000 

# 
Xe Hg Hg Hg 
50 50 50 50 

4,710 2,010 3,330 4,260 
45 12 29 45 * 
0.92 0.92 0.92 0.92 
0.79 0.65 0.77 0.80" 
20.4 20.4 20.4 20.4 

170 ao 120 170 
1.7 3.7 2.3 1.8 * 

150 + 0.02 x propellant mass** 
5,000 5,000 5,000 5,000 

NOTES: Provide redundant engines, enough to cover failure of at least 10% for arc jets and 20% for 
ion thrusters. Except for a maximum of 1 engine on-axis, engines shall be in sets that balance 
thrust. Assume that if 1 engine fails its set will be shut down and replaced by a redundant set. 
This may require increasing the number of redundant engines. 
redundant engines. 

Include engine-associated mass for the 

# kW for specific mass are input kW to PPU. 

## Use these columns for parametric studies only. 
For low to medium risk: 

1,000 lbf-sllbm is maximum Isp for NH3 arcjet 
1,200 lbf-s/lbm is maximum Isp for H2 arcjet 
3,000 lbf-s/lbm is minimum Isp for Xe ion thruster 
2,750 lbf-s/lbm is minimum Isp for Hg ion thruster 

Palaszewski, B., Hydrogen, Ammonia and Xenon Propellant Feed Systems, 
JPL IOM 353-PSA-86-098 to Deininger, W., March 11, 1986. 

* 

** Beatty, Appendix B-6. 

For values at intermediate Isp, use quadratic interpolation. 
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( 3 )  Chemical to an intermediate circular orbit at 700 km and the 
initial inclination, then electrical to the operational orbit. 

2 .  Results 

Results are detailed in Appendix B-6 and summarized in Table 8-2. 
For a 57 deg starting orbit, chemical propulsion is much faster than electric 
( 0.5 day vs. 25 to 72 days). 
electrical, but each can be brought up by a single Shuttle launch. Two-stage 
propulsion (chemical followed by electric) appears to have no advantage over 
the simpler one-stage chemical propulsion. The electric propulsion system 
using ammonia arcjets is about 6,000 kg heavier than those using xenon ion 
thrusters, but each can be carried in a single Shuttle launch. Transit time 
is 25 days with the arcjets vs 53-56 days with ion thrusters. Starting from 
420 km rather than 450 km altitude has negligible effect on the transit time 
and propulsion system mass; the same is expected to be true for 400 km. 

The chemical propulsion is heavier than the 

Note that an initial orbit at 28.5 deg inclination leads to excessive 
propulsion mass if chemical propulsion is used: 95,000 kg, or at least five 
Shuttle launches for the propulsion alone. If electric or two-stage 
(chemical/electric) propulsion is used, the time for transit to the 
operational orbit is excessive: one to two years. An initial orbit at 57 deg 
inclination is strongly preferable. 

If an initial orbit at 28.5 deg inclination and 500 km altitude is 
required to permit assembly at the Space Station, ion propulsion appears 
mandatory to obtain a reasonable propulsion system mass and reasonable number 
of Shuttle flights to bring up the propulsion system. The very long transit 
time would have to be accepted. The ion propulsion could be used alone o r  for 
the second stage of a two-stage system; the only advantage of two-stage 
appears to be in nuclear safety, discussed below. 
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' Table 8-2. Time and Propulrion Ha88 for Trrnrit frol Aa8embly Orbit to Operational* 

CHEnICAL ELECTRICAL TRANSIT PROPELLANT PROPULSION SHUTTLE SORTIES 
1.P 1.p TIME, MASS. SYSTEM w s .  FOR PROPULSION 

PROPULSION PROPELLANT lbf-m/lh PROPELLANT lbf-r/lb. DAYS no TOTAL. ng S Y S l Z n  

Starting Orbit: 
Chemical 
Electric, arc 
Same, 420 km 
Electric, ion 

Same, 420 km 
Electric, ion 
Same, 420 h 
Electric. ion 
Same. 420 b 
2-Stage 
2-Stage 
2-Stage 
2-Stage 

Starting Orbit: 
Chemical 
Electric, arc 
Electric. ion 
Electric, ion 
Electric. ion 
2-Stage 
2-Stage 
2-Stage 
2-Stage 

Starting Orbit: 
Chemical 
Electric. arc 
Electric. ion 
Electric. ion 
Electric, ion 
2-Stage 
2-Stage 
2-Stage 
2-Stage 

450 lun 57 des. 
H2 102 444 

450 h 28.5 des. 
444 

---- 
"3 

23 
xe 
Xe 
xe 
xe 
xe 

23 
Xe 
xe 

---- 
"3 
Xe 
Xe 
xe 

Xe 
Xe 
Xe 

"3 

--- 
1 ,ow 
1,000 
3.000 
3.000 
3,684 
3.684 
4,710 
4,710 
1.000 
3,000 
3.684 
4.710 

---- 
1.000 
3,000 
3.684 
4,710 
1.OOO 
3.000 
3.684 
4,710 

---- 
1.000 
3,000 
3.684 
4,710 
1,000 
3,000 
3,684 
4.710 

0.5 
25 
25 
53 
54 
56 
56 
7 1  
72 
23 
49 
51 
65 

0.5 
350 
440 
450 
570 
340 
430 
440 
550 

0.5 
330 
440 
450 
560 
320 
430 
440 
550 

8.9 
5.8 
5.8 
1.8 
1.8 
1.5 
1.5 
1.1 
1.2 
9.4 
5.5 
5.2 
4.8 

92 
80 
15 
12  
9 
88 
20 
16 
13 

92 
76 
15 
12 

82 
19 
16 
13 

9.0 

12 
12 
12 
6.4 
6.5 
5.8 
5.8 
5.2 
5.2 
18 
13 
13 
12  

95 
111 

22 
18 
14 

121 
29 
25 
22 

95 
102 

22 
18 
14 

111 
29 
25 
2 1  

1.0 
0.9 
0.8 
0.5 
0.4 
0.5 
0.4 
0.4 
0.4 
1.5 
1.1 
1.0 
1.0 

5.0 
5.9 
1.1 
0.9 
0.8 
6.4 
1.5 
1.3 
1.1 

5.2 
5.6 
1.2 
1.0 
0.8 
6.1 
1.6 
1.4 
1.2 

Ha80 tran8ferred. excluding propulrioa: 55,000 kg. 
Prime power for electric propullion: 
Electric propulsion characterintics per Table 8-1 
Staging orbit for 2-Stage carel: 
Operational orbit taken as 1.100 km. 

300 kU 

925 km circular. 8ame inclination ar starting orbit 
For 1,088 b, timer and maraes will be a few percent le.. ** Except a8 noted 
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SECTION IX 

SCENARIOS (MISSION PROFILES) 

Three starting orbits and three propulsion modes for transit to 
operational orbit were considered in the preceding subsection. There were ten 
basic scenarios for reaching operational orbit, plus variations, such as using 
Titan 4 instead of STS. 

On the basis of the results in Section VIII-C, the following three 
scenarios were considered best. These are in descending order of preference. 

A. PREFERRED SCENARIO: LAUNCH AND ASSEMBLY BY SHUTTLE. 
CHEMICAL UPPER STAGE TO OPERATIONAL ORBIT 

This scenario calls for launch and assembly by the Shuttle and does not 
involve the Space Station. 

Five Shuttle launches are used to bring the spacecraft elements into 
circular orbit at about 400 km altitude, 57 deg inclination. In each of the 
first four launches, the Shuttle brings up a quadrant of the SBR antenna with 
associated structure and leaves it in the orbit mentioned (Figure 9-1). 
Quadrants are attached to each other as they are brought up. They are allowed 
to tumble and have passive temperature control. During the fifth launch the 
Shuttle brings up the rest of the SBR spacecraft (Figure 9-1) and assembles it 
with the antenna elements. (Assembly methods are discussed in Section X.) 

On the sixth launch the Shuttle brings up a Centaur G-class upper stage 
and attaches it to the rest of the spacecraft. The Shuttle establishes 
approximate orientation for the Centaur and moves away. 
radar antenna is assembled but not deployed; the boom and main radiator of the 
SRPS are also not deployed (Figure 6-3a). 

At this point the 

b The Centaur is then activated, acquires proper attitude, burns once to 
bring the spacecraft to operating altitude of 1,088 km at 61 deg inclination, 
and burns a second time to circularize the orbit. The Centaur places the 
spacecraft in the proper orientation, and the radar antenna and boom are 
commanded to deploy. The Centaur then separates from the spacecraft. 

On ground command, the SRPS goes into a start-up mode, which brings it 
to full operating power, 300 kW electric. The SRPS coolants are thawed; its 
main radiator panels deployed, both as a part of the start-up sequence. The 
radar system is checked out and turned on,  and the spacecraft becomes 
operational. 

1 B. ALTERNATIVE SCENARIO: LAUNCH AND ASSEMBLY BY SHUTTLE. 
ELECTRICAL PROPULSION TO OPERATIONAL ORBIT 

Through the first five Shuttle launches (Figure 9-1) and the associated 
assembly operations, this scenario is the same as scenario A. 
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a) SHUTTLE DELIVERS 1 ST 
SBR ARRAY QUADRANT 
TO 400 Km, 57 O INCLINATION. 
RETURNS TO EARTH. 

b) 2ND QUAD DELIVERED. 
INSTALLED BY SHUTTLE RMS. 
STS RETURNS TO EARTH. 

c) & d) AS IN b) STS 
DELIVERS AND 
INSTALLS 3RD AND 
4TH QUADS (ONE 
PER FLIGHT). 

e) STS DELIVERS SRPS. 
MISSION MODULE, SIGNAL . _ _  - 
PROCESSING & RADAR 
CENTRAL POWER CONDITIONING. 
RMS USED FOR 
INSTALLATION ON STOWED ARRAY 

Figure 9-1. Scenario for SBR Launch and Orbital Assembly 
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On the sixth launch the Shuttle brings up an electric propulsion module, 
which utilizes arcjet thrusters and ammonia propellant. The propulsion module 
is attached to the rest of the spacecraft. The radar antenna and boom are 
commanded to deploy. Figure 9-2 shows the antenna deployment sequence. This 
deployment and other functions of the spacecraft are checked, then the Shuttle 
leaves. 

The SRPS is started and brought up to power as in scenario A. 
are thawed, main radiator panels deployed, both as a part of the start-up 
sequence. 
checked out and tested. Then, the spacecraft is rotated to the proper 
attitude for propulsion; and the electric propulsion system is checked out and 
started. 
(Figure 6-3b). 
operating attitude. 
becomes operational. 

Coolants 

The spacecraft is turned to operating attitude; and the radar is 

The propulsion brings the spacecraft to its operational orbit 
Propulsion is turned off, and the spacecraft rotated to 

The radar system is then turned on; the spacecraft 

C. ALTERNATIVE SCENARIO: LAUNCH BY SHUTTLE. ASSEMBLY AT SPACE STATION. 
ELECTRIC PROPULSION TO OPERATIONAL ORBIT 

This is the same as scenario B, with the following exceptions: 

The propulsion module utilizes ion thrusters and xenon propellant. 

Each Shuttle flight brings the spacecraft element to the Space Station, 
assumed to be in circular orbit at 500 km 28.5 deg inclination, and transfers 
the element to the Station. Elements are assembled at the Station. The radar 
antenna and boom are deployed as part of the assembly process. 

An Orbital Maneuvering Vehicle (OMV), based at the Space Station, moves 
the spacecraft to a safe distance (an orbit at about 590 km altitude), using 
the low thrust mode designed for servicing large observatories. 
acceleration with this payload is about 0.0012 g.) 
from the spacecraft. 
scenario B.. 

(Maximum 
The OMV then moves away 

Start-up is commanded; the rest of the scenario is like 

D. HYBRID SCENARIO: LAUNCH AND ASSEMBLY BY SHUTTLE, CHEMICAL PLUS 
ELECTRICAL PROPULSION TO OPERATIONAL ORBIT 

Appendix B-8 describes a scenario in which assembly is at 278 km 
altitude, and two reusable OMVs bring the spacecraft up to 700 km. 
SRPS is started; and electric propulsion takes the spacecraft to its 
operational orbit. 

Then, the 

E. SHUTTLE SCENARIO PREFERENCE 

These four scenarios were chosen for further consideration because of 
the propulsion requirements given in Section VIII-C above. 
advantage of using a conventional chemical upper stage. 
advantage that the major spacecraft deployment and power-up occur at 1,088 km 
altitude, so manned intervention to correct any problems would not be possible 

Scenario A has the 
It has the dis- 
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with the Shuttle or the Space Station. 
Centaur in the Shuttle; this decision came too late to be considered in this 
study.) 
400 to 500 km altitude. Checkout will occur here; manned intervention is 
possible. However, starting the reactor at these altitudes introduces a 
nuclear safety question, discussed later (Section XIII). 

(NASA recently decided not to fly the 

Scenarios B and C deploy the spacecraft and start the power system at 

Scenario C is considered less desirable than B, because of the very 
large orbital velocity increment needed to transfer the spacecraft from the 
Space Station orbit at 28.5 deg inclination to the radar operating orbit at 61 
deg inclination. With chemical propulsion, using cryogenic propellants, 
six Shuttle launches would be required to bring up the propulsion system, in 
addition to the five to bring up the spacecraft; and an upper stage (or 
sequence of upper stages) with much more capability than the Centaur G-prime 
would have to be developed. With electrical propulsion, ion thrusters are 
needed, and the transit time to operational orbit is very long (440 days). 

Scenario D has the advantage of requiring only three Shuttle flights for 
spacecraft and propulsion vs the six called for by scenarios A and B. The low 
assembly orbit of 278 km, chosen to increase mass capability of the Shuttle, 
leads to an orbital lifetime of a few weeks for the spacecraft elements. It 
is questionable that three Shuttle launches could be carried out in so short a 
time. Thus, separate propulsion may have to be added to permit reboost or to 
place the elements in a slightly higher initial orbit. Also, the Shuttle 
capability assumed is marginal and exceeds that selected for this study 
(Appendices B-5 and B-7). If the radar mass could be decreased somewhat, this 
might be the scenario of choice. 

F. TITAN 4 SCENARIOS 

Scenarios A and B use the Shuttle for orbital assembly as well as 
launch. If the Titan 4 is used for launch, one possible assembly approach is 
to add a Shuttle Flight to provide manned assembly (Section XI-B). 

Scenario C is essentially unchanged by the use of a Titan 4 in place of 
the Shuttle for launch; spacecraft assembly is done at the Space Station. 

With Scenario D, Titan 4 could not carry the spacecraft and OMVs to 
278 km. Several additional launches would be needed. Assembly of the 
spacecraft would have to be done by Oms, or a Shuttle flight added to provide 
manned assembly (Section IX-B). 
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SECTION X 

SHUTTLE INTEGRATION AND ORBITAL ASSEMBLY 

A. SHUTTLE INTEGRATION 

Section VI-C describes the elements of the spacecraft that are launched 
on each Shuttle flight. Figures 6-4 and 6-5 show elements stowed in the cargo 
bay. Each of these elements conforms to the dimensional limits of the cargo 
bay, the STS cargo mass limits given in Appendix B-5, the Shuttle CG 
constraints, and the Shuttle cargo landing mass capability. 

Structural support of the SRPS in the Shuttle bay is described in 
Reference 5. Support of the other spacecraft elements during their individual 
Shuttle flights has not been addressed. 

The SRPS may need a small amount of power while in the Shuttle, and the 
mission module will almost certainly need some. 
standard Shuttle cargo electrical provisions. Some telemetry to monitor their 
state will be desirable; again, standard Shuttle data provisions should do. 
The other spacecraft electrical elements will be off while i n  the cargo bay, 
and probably will not need to be monitored. 

Both can be accommodated by 

If an electric propulsion module is flown, the propellant (ammonia or 
xenon) will have to be vented or refrigerated while in the Shuttle. 

The usual temperature control provided by the Shuttle for cargo should 
be adequate for all of the spacecraft elements. 

If a Centaur is used as an upper stage to place the spacecraft in 
operational orbit (and if use of Centaur in the Shuttle had not been barred) 
it would be integrated with the Shuttle as planned for the other Shuttle/ 
Centaur missions. 

B. ORBITAL ASSEMBLY 

Scenarios A and B use the Shuttle for both launch and orbital assembly. 
As described in Sections IX-A and IX-B, the first element brought to orbit is 
a radar antenna quadrant and attached structure. It is released from the 
Shuttle, which then moves away. No attitude control or active temperature 
control is provided. 

A Remote Manipulator System (RMS) will be carried on the Shuttle during 
each subsequent flight. The second, third, and fourth flights each bring up 
an antenna quadrant, with structure. The Shuttle rendezvouses with the quad 
or group of quads left by the preceding flights, grasps it with the RMS, and 
assembles it to the quad still attached to the cargo bay equipment. Astronaut 
aid at the cargo bay and the RMS arm will probably be needed. 
releases the newly-assembled group of quads to await the next Shuttle flight. 

The Shuttle 

10-1 



The fifth launch brings up the SRPS, pre-assembled to the mission 
module, radar central power conditioning, and signal processing. They are 
assembled with the antenna quads in the manner described and released to await 
the next launch. 

In scenario B, the sixth flight brings up the electric propulsion module 
and assembles it to the rest of the spacecraft, as already described. The 
Shuttle releases the spacecraft and moves away. Deployment of the SRPS boom 
and radar antenna, as well as checkout, are commanded by radio. If trouble 
arises, the Shuttle can return to the spacecraft and attempt to correct it. 
If spacecraft functions appear normal, the Shuttle leaves; the SRPS, electric 
propulsion, and other spacecraft elements are then turned on by radio command. 

~ 

In scenario A, the sixth flight brings up the Centaur-class upper 
stage. This is assembled to the spacecraft in the same way as earlier 
assembly. The Centaur is then placed in desired initial orientation and 
released. The Shuttle moves away, and the Centaur is turned on by radio 
command. 

If scenario C is implemented, each Shuttle flight brings a spacecraft or 

An OMV is attached to 
Centaur element to the Space Station and leaves it there. The elements are 
assembled using Space Station equipment and procedures. 
the spacecraft and takes it t o  a safe distance away. The OMV returns to the 
Station and the spacecraft SRPS, electric propulsion, and other systems are 
started. 

If a Titan 4 is used for launch rather than STS, one possibility would 
be to release the cargo brought up by each Titan 4 ,  and add one or more 
Shuttle flights at the end to capture and assemble the elements, using the 
techniques described above. 

C. ORBITAL STORAGE 

1. Temperature Control 

With scenario A or B, the multiple Shuttle launches will take many 
months. During this time, the spacecraft elements will be in orbit without 
attitude control or active temperature control. Calculations were performed 
to determine if their temperature could be held within acceptable limits, 
considering the possible variations in attitude and in sunlshade cycle (see 
Appendix B-9). It was assumed that, as a result of tip-off torques, the 
element spins with a period that is short compared to its orbital period. 
Results show that, using multilayer insulation having an external layer with 
proper absorptance/emittance ratio, the temperature can be held within limits 
of -25 to +25 C. This should be satisfactory for storage of electronics and 
other components. 

The Centaur or electric propulsion module is brought up on the last 
Shuttle flight, so it need not be stored in orbit. 
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The SRPS system specification in effect at the start of this study (see 
As Reference 3 )  did not require that the SRPS be capable of orbital storage. 

a result of this work, it was changed t o  include this requirement (see 
Reference 4 ) .  

2. Orbital Decay 

It is desirable to use a relatively low orbit for assembly because 
the mass capabilities of the STS and Titan 4 fall off rapidly with altitude. 
However, the spacecraft elements must remain in orbit long enough to complete 
the assembly. One year was chosen as a conservative estimate for the whole 
process. The orbital lifetime of each package should therefore be at least 
1 year. This might, perhaps, be relaxed to 6 months for the elements brought 
up in the last few launches. 

Table 10-1 and Appendix B-7 show the orbital lifetime calculated for 
various spacecraft assemblies and attitudes. Aerodynamic drag provides the 
predominant external torque at assembly altitudes. The spacecraft assemblies 
are roughly rod-shaped or cylindrical, and will tend to orient with their long 
axes parallel to the orbital velocity vector, though oscillating around this 
direction. The drag was taken, conservatively as the average, weighted 2:1, 
of the drag at 6 deg angle of attack and at 90 deg. The complete spacecraft 
assembly, undeployed and without propulsion, has the lowest life: One year 
starting at 400 km, two years starting at 440 km, five years starting at 
500 km. An initial altitude of about 400 km appears to be adequate. Some 
loss in altitude will occur during orbital stays between Shuttle flights, but 
it should be possible to accommodate this. 
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SECTION XI 

DYNAMICS AND ATTITUDE CONTROL 

The spacecraft requirements, Section 111-A, limit the lowest natural 
structural frequency to 0.01 Hz. The lowest frequency associated with the 
SRPS alone is of the order of 1 Hz (see Reference 5). It seems likely that 
lower frequencies will be associated with radar antenna modes. 
been analyzed. 

These have not 

The attitude control system provides the pointing accuracy of 20.2  deg 
needed by the radar. 
vertical axis, synchronized with the latitude. Attitude is sensed by an 
inertial gyro unit. It is controlled by control moment gyros, which are 
unloaded by interaction of magnetic torquers or current loops with the Earth's 
magnetic field. (Large amounts of power would be available for magnetic 
torquing, and large current loops could be provided.) Sun and star or sun and 
horizon sensors are provided for calibration of the inertial gyro units; and a 
magnetometer is carried to measure the local magnetic field when unloading is 
needed. The vertical orientation with the antenna downward is unstable with 
respect to the gravity gradient; but the control moment gyros provide adequate 
torque (6,500 N-m) to maintain or restore the desired attitude. (If the SRPS 
boom is lengthened to 40 meters, the desired orientation will be stable. 
Trade-offs associated with this change have not been examined. Appendix B-10 
provides more detail on attitude control.) 

It also provides rotation of 23.5 deg/orbit about the 

The effect of structural frequencies as low as 0.01 Hz upon the attitude 
control has been examined only in a cursory way. With simple control 
techniques, the time required for a 1 radian spacecraft rotation will be about 
1,000 sec. With more sophisticated techniques, this can be reduced somewhat. 
The mission and spacecraft requirements, Sections I1 and 111, do not call for 
rapid turns. 
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SECTION XI1 

THERMAL AND NUCLEAR RADIATION 

A. NUCLEAR 

The SRPS specification written before this study (see Reference 3 )  
allowed 5 x lo5 rad of ionizing radiation from the power system to reach the 
user plane in seven years of reactor operation at full power. The user plane 
was defined as a circle 4 . 3  m in diameter, centered on the boom axis, at the 
interface between the SRPS and the mission module. To shield the radar 
antenna area, as required in Section 11-A, meant that the reactor shield had 
to be extended radially. 
reach the antenna from the SRPS. The shield, therefore, had to be thickened. 
These changes increased the mass of the shield t o  3 , 5 7 0  kg, or about 35% of 
the total SRPS mass of 9,880 kg (Table 7-1) .  

Also, Section 11-A calls for only 1 x lo5 rad to 

Partly as a result of the radar antenna requirement, the SRPS system 
specification was changed to allow only 1 x lo5  rad of ionizing radiation 
from the reactor at the user plane (see Reference 4 ) .  

B. THERMAL 

The selected SBR mission requirements did not limit the thermal 
radiation delivered to the rest of the spacecraft by the SRPS; the SRPS 
specification (see References 3 and 4 )  limited this to 1 sun (1.4 kW/m2). 
Analyses (Appendix B-11) showed that the amount delivered depends strongly on 
the configuration of the SRPS main radiator. The configurations recommended 
in Reference 5 comply with the specification, when integrated with the rest of 
the spacecraft as shown in Figure 6-2 .  With some other SRPS configurations, 
it may be necessary to insert thermal shielding or lengthen the boom. 

The radar antenna, which has the largest projected area and, so, is most 
difficult to shield from the SRPS radiators, is not at the user plane; it is 
7 m further from the radiators. This reduces the thermal radiation from the 
radiators to the upper surface (back) of the antenna to about 0.6 sun. 

It must be recognized, however, that the radiation from the SRPS 
radiators is only part of the thermal radiation received by the radar 
antenna. Sunlight can contribute another "sun", and radiation from the Earth 
can deliver 0.3 sun to the lower surface (face of the antenna). Whether or 
not the additional heat generated by the T/R modules and other elements on the 
antenna can be radiated to space, and the elements kept adequately cool, will 
be an important question for the radar designer. If not, the limit on radiant 
heat delivered by the SRPS may have to be tightened. 
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SECTION XI11 

NUCLEAR SAFETY CONSIDERATIONS 

The SRPS design and the mission profile take nuclear safety as first 
priority. Except, perhaps, for testing at zero power, the reactor is not 
operated until a stable orbit is reached. Thus, it will contain insignificant 
radiological inventory during ground handling, transportation, launch, and 
ascent to orbit. The reactor is designed to remain subcritical after any 
credible accident in handling, launch, or ascent, as well as during re-entry, 
ground impact, and subsequent immersion in water or burial in soil. If a 
Shuttle or Space Station is used for launch or orbital assembly, the reactor 
is neither turned on, nor the SRPS operated, in the vicinity of the Shuttle or 
the Station. 

Mission profiles and orbital lifetimes ensure that, even if a failure 
occurs in flight, the probability of hazardous exposure from the reactor is 
very low. It is advisable to operate the reactor only at an altitude that 
allows time in orbit for most of the radioactivity to decay before re-entry. 
A time of the order of 300 years in orbit provides for substantial decay. 
After the reactor has operated seven years at full power, and has been shut 
down for 300 years, the dose rate is calculated at 186 mrem/h at 1 meter from 
the intact core. 

After the work described in this report was completed, the SP-100 
Project adopted a policy of placing the SRPS in a permanent storage orbit at 
end of life. This occurred too late to be reflected in the report. 

I If electric propulsion is to be used to transfer the spacecraft from its 
assembly orbit to operational orbit, the safety aspects of starting the reactor 
at the assembly orbit to provide power for the electric propulsion must also 
be considered. German and Friedlander (Reference 6 )  pointed out that as the 
radioactivity builds up from its initial very low level, so do the altitude 
and the resulting orbital lifetime; the orbital lifetime may increase fast 
enough to keep the resulting radioactivity within acceptable limits for an 
inadvertent re-entry. Figure 13-1 shows the results of calculations of 
orbital lifetime vs arcjet propulsion time for various initial altitudes 
(Appendix B-7). Also shown in the figure is the time needed for the resulting 
radioactivity to decay to the levels mentioned (Reference 7). 
lifetime is greater than the time needed for radioactive decay, except during 
the first few weeks of operation. Whether or not this is acceptable from the 
safety standpoint remains to be determined. If not, then scenarios B and C, 
described in Section IX-B, cannot be used. 

The orbital 

Once the spacecraft is deployed and stationed at its operational orbit 
(1 ,088 km altitude), the calculated orbital lifetime is 425 years if the radar 
antenna is perpendicular to the orbital velocity vector (the worst case), 
775 years if it is at 45 deg, and 4,250 years if it is at 6 deg to the 
velocity vector (Appendix B-7). 
spacecraft in operational orbit is due to the gravity gradient. With the 
configuration shown in Figure 6-2 ( 2 5  m reactor to mission module), the axis 
of minimum moment of inertia is parallel to the 6 4  m dimension of the antenna, 
and the axis of maximum moment of inertia is parallel to the 32 m antenna 
dimension (Appendix B-10). The spacecraft will tend to orient with the 

The primary external torque on the passive 
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antenna perpendicular to the orbital velocity, the attitude of maximum drag. 
Nevertheless, the orbital lifetime will still be 425 years, appreciably 
greater than the 300 years suggested as desirable after seven years of full 
power operation. 

Appendix B-10 points out that by increasing the separation between 
reactor and mission module to 40 m, the moments of inertia can be changed so 
that the stable attitude, due to gravity gradient, will be with the antenna 
plane parallel to the velocity vector. This would greatly reduce the drag and 
increase the decay time from the operational orbit. This change would also 
increase orbital lifetimes near the assembly altitude (Figure 13-11, even 
though aerodynamic torques are also significant at those altitudes 
(Appendix B-7). 
expected to be relatively small. The increased length would significantly 
lower frequencies of free vibration. 
stiffening the boom. 

The mass penalty for lengthening the boom and power cable is 

This could probably be avoided by 

At the end of the spacecraft's mission, the SRPS is turned off by ground 
command, backed up by an on-board clock. If communication with Earth is lost 
for more than a preset period, the control system will command shutdown. Two 
independent shutdown means are provided. If a malfunction occurs during 
operation, and electric power for control is l o s t ,  the safety rods or drums 
will release and be driven by springs into the "off" position. The reactor is 
designed to remain intact during re-entry to prevent scattering residual 
radioactivity. 
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SECTION XIV 

ISSUES AND IMPLICATIONS 

This section lists some of the more important findings of the study and 
the more important issues that have been identified. The findings fall in two 
categories: those related to design and profile of the mission, and those 
related to design of the power system. 

A. IMPLICATIONS FOR SPACE BASED RADAR MISSION 

1. Multiple Shuttle or Titan 4 Launches 

Because of the large mass and size of the radar antenna, multiple 
Shuttle or Titan 4 launches are needed to put the spacecraft into orbit. The 
problem is exacerbated by the high inclination of the operational orbit, which 
reduces the cargo mass capability of the launch vehicle. For the scenarios 
selected in this study, five launches are needed for the spacecraft, plus one 
for the upper stage or propulsion module. 

2. Extensive Orbital Assembly 

With multiple launches, extensive orbital assembly is necessary. 
Techniques for such assembly, presumably based on the Shuttle, will have to be 
defined and developed if a spacecraft such as the one considered here is to be 
flown. Tentatively, it is proposed that the Shuttle RMS plus EVA be used. 

3 .  Assembly at Space Station Necessitates Very Large Delta-V (AV) 

Assembly at Space Station appears undesirable because of the large 
difference in inclination between the Space Station orbit and the spacecraft 
operational orbit, which results in a very large orbital velocity increment 
(AV) for transfer between these orbits and correspondingly large propulsion 
capability. If chemical propulsion is used, at least six Shuttle launches 
will be needed just to place the propulsion system in assembly orbit. Alter- 
natively, if electric propulsion is used, ion thrusters will be required; and 

. the orbital transfer time will be about 15 months. 

4. Extended Orbital Storage 

Because multiple launches are required, and assembly at the Space 
Station is undesirable, each element of the spacecraft must be parked in 
assembly orbit for an extended time. 
orbital storage lasting a year or so.  Provision must be included for 
temperature control and attitude control during this storage or the elements 
must be designed for storage with only passive temperature control and 
attitude control. The concept selected in this study employs passive storage. 

Spacecraft elements must be designed for 
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5. Minimum Altitude for Assembly 

A low altitude for orbital assembly is desirable from the launch 
vehicle standpoint; because launch vehicle cargo mass capability falls off with 
increasing altitude. However, aerodynamic drag on the spacecraft elements parked 
in orbit sets a lower limit: Their orbital lifetime must be Long enough for all 
of the required launches and assembly operations. Taking the required time as 
one year, the required altitude for the proposed spacecraft is about 400 km. 

6 .  Minimum Altitude After Reactor Operation 

Once the reactor is turned on, it is considered advisible to turn 
it off and keep it in orbit long enough for the major portion of the radio- 
active fission products to decay before re-entry. The decay time suggested by 
the SP-100 Project is 300 years, after five to seven years of operation at 
full power. For the radar spacecraft considered, this means that the 
spacecraft orbit should have a perigee of at least 600-900 km (depending on 
the stable attitude of the spacecraft in a gravity gradient and the level of 
radio-activity considered acceptable for re-entry); or it should be reboosted. 
Since the operational orbit for the proposed mission is 1,088 km, this poses 
no problem if the reactor is turned on after reaching operational orbit. 

If the reactor is to be turned on in assembly orbit, to provide 
power for electric propulsion, the precautions necessary to ensure safety are 
not so well defined, and must be examined further. 

B. ISSUES FOR DESIGN OF SPACE-BASED RADAR MISSION AND SPACECRAFT 

1. Launch Costs 

The many Shuttle or Titan 4 launches needed for one SBR spacecraft 
in the selected scenarios would be costly and would require a large commitment 
of launch vehicle resources. Accordingly, there will be much incentive to 
find ways t o  reduce the antenna mass and to find mission profiles that involve 
fewer launches. 

2. Orbital Assembly Technique and Procedure 

Shuttle-based techniques will have to be defined and developed. 

3.  Technique for Extended Orbital Storage 

Temperature control methods are needed for each of the spacecraft 
elements parked in orbit during the assembly sequence. 

4. Choice of Assembly Orbit 

Careful attention must be given to the trade-offs affecting the 
choice of assembly orbit. 
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5. Safety of Start-up in Low Earth Orbit (LEO) 

If start-up of the power system in assembly orbit or other low 
Earth orbit is contemplated, nuclear safety design, as it pertains to planned 
or unplanned re-entry, will be very important. 

6. Dynamics and Attitude Control 

The very large, flat, radar antenna, in conjunction with other 
flexible elements such as the SRPS boom and main radiator panels, may lead to 
structural vibration modes with very low frequencies. Interaction of these 
structural elements (especially the antenna) with attitude control will need 
to be investigated. 

7. Maneuverability 

Because of the low structural frequencies expected, rapid changes 
in spacecraft attitude will probably not be possible. 
difficult to provide adequate antenna strength to withstand moderate 
accelerations. The maneuverability of the spacecraft is likely to be limited. 

Also, it may be 

8. Thermal Radiation from SRPS to Rest of Spacecraft 

It is not clear whether electronic components on the radar antenna 
can be kept within permissible temperature limits when the antenna is 
receiving the currently allowable one sun from the SRPS, plus thermal 
radiation from the sun and Earth. This will have to be investigated. It is 
possible that the limit of 1 sun from the SRPS may have to be lowered. 

9. Allocation of Dosage of Ionizing Radiation 

The stated mission requirements (Section 11-A) allocate to the 
SRPS only 1% of the total dosage of ionizing radiation delivered to the 
antenna, reserving 99% for natural and hostile sources. Further thought 
should be given to this allocation. (However, the stated allocation does not 
place a great burden on the SRPS design.) 

10. Survivability 

If there are requirements for the spacecraft to withstand hostile 
action, the ability of the radar antenna and other spacecraft systems to 
withstand these threats will need to be examined. 

11. Radar Power Level, Size, and Mass 

The design of the spacecraft is driven by the power level of the 
radar and the size of the radar antenna. Those chosen in this study led to a 
very large and very heavy spacecraft, requiring multiple Shuttle launches, 
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which is unlikely to be the first operational space-based radar spacecraft. 
When designing the radar system, the implications for the number of launches 
and the extent of orbital assembly need to be considered carefully. 

C. IMPLICATIONS FOR SP-IO0 

1. Extended Orbital Storage of Power System 

Like the rest of the spacecraft, the Space Reactor Power System 

This capability was not required in the SRPS system specification 
will have to be stored in assembly orbit for six months to a year before it is 
turned on. 
in effect before this study; the specification has been changed because of 
this finding. 

Thermal analysis shows that even without attitude control, the 
temperature of critical SRPS components can readily be kept within acceptable 
temperature limits by using multilayer insulation and an exterior surface with 
appropriate absorptance/emittance ratio. 

2. Mission-Specific Shield Configuration 

The constraint on dosage of ionizing and neutron radiation from 

(Before this 
the reactor to other parts of the spacecraft is stated in the system 
specification in terms of specific values to a specific area. 
study: 5 x l o5  rad and 1 ~ ' 1 0 ~ ~  neutrons/cm2, integrated over seven years 
operation at full power, at any point on a circle 4.3 m in diameter, centered 
on the boom axis at the interface between the SRPS and the mission module.) 
Requirements for the SBR mission make it clear that both the allowable dosage 
and the area where the allowance applies will vary from mission to mission. 

3. Thermal Radiation from SRPS to Rest of Spacecraft 

The system specification limits the thermal radiation from the 
SRPS to the rest of the spacecraft to 1 sun (1.4 kW/m2). Analysis indicates 
that this requirement can be met with some SRPS radiator configurations; it 
may be difficult to meet it with others. The requirement may, therefore, be 
important in the selection of the radiator configuration. 

4 .  Reactor Throttle-Down Not Necessary 

In the design of the power system, the ability to operate with the 
reactor power throttled down to low levels may not be easy to provide. For 
the mission examined here, this capability does not appear necessary. 
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APPENDIX A 

SURVIVABILITY AND RELATED MATTERS 

(Appendix A is classified, 
and is distributed separately.) 

Since the completion of this report, Appendix A, because of its 
classified status, has been recreated as a separate document printed by the 
Jet Propulsion Laboratory. The title is: Survivability Aspects of a Space 
Reactor Power System; the document number is JPL D-3758. 

This document can be made available to individuals who hold a secret 
clearance and have a need for the information by contacting the SP-100 Project 
Office, Jet Propulsion Laboratory, Pasadena, California. 
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APPENDIX B 

DETAILED EXAMINATION AND ANALYSIS 

This appendix is an assembly of documents recording some of the detailed 
work which backs up the body of the report. 

The documents are individually dated and show concepts and analyses as 
they evolved during the study. There are, therefore, some differences in 
ideas and results among the appended documents, as well as between them and 
the body of the report prepared later. One example is the power system 
configuration. A number of configurations for that system were considered; 
illustrations and calculations in this appendix represent several of these 
configurations. 

In a few cases, figures and other portions of the original documents 
represented in this appendix have been transferred to the body of the report 
or omitted as noted. 
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0-1. RADAR REQUIREMENTS AND CHARACTERISTICS 

T. Fujita 

November 1983 t o  January 1986 

This sect ion consists  of 5 conference reports containing inputs from 
Lincoln Laboratory, Massachusetts Inst i tute  of Technology. Short portions of 
the  January 9 and January 21 reports have been omitted. 
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J. Hondt 

Information regarding mass and volume envelopes for  se lec ted  SP-100 candidate 
missions i s  being gathered as pa r t  of a study involving SP-100 configurat ional  
packaging approaches. The SBR concept proposed by HIT Lincoln Laboratory w a s  
used i n  an  earlier JPL mission study (see b r i e f ing  package e n t i t l e d  'SP-100 
SBR Study, Final  Review,' by Ross H. Jones, dated Ju ly  16, 1985). 

The purpose of the c a l l  documented i n  the present report  was t o  obta in  inputs  
regarding la rger  systems corresponding t o  the  300 kUe baseline se lec ted  f o r  
Phase  I1 a s  w e l l  as any updates regarding fu r the r  vork on the Lincoln Lab (LL) 
SHK concept. 

The inpu t s  provided by Dr. Gerry Tsandoulas of LL consis ted of (1)  resu l t s  of a 
study a t  LL for  a 120 kWe SBR and ( 2 )  projections f o r  a l a r g e r  
system. 

300 kUe SBR 

LL SBR STUDY FOR A 120 kW, SBR 

The LL s tudy was based o n  a 1 2 0  kWe (prime pover) L-band SHR t h a t  was considered 
t o  be approximate ly  the la rges t  s i z e  system t h a t  could be launched with a s i z g l e  
s h u t t l e  f l i g h t .  
(24,410 kg) corresponding t o  109; engines and a 57' orb i t .  

The mission was predicated on a s h u t t l e  capacity of 53,700 i b s  
Power was provided 

B-3 



CONFERENCE REPORT TES-354-85-114 Page 2 of 3 
Subject: Space-Based Radar (SBR)--HIT Lincoln Laboratory 

by CaAe s o l a r  cells (17% eff ic iency)  with energy r torage  in nickel-hydrogen 
batteries. 
a l t i t u d e  t o  the 600 nom. SRB orbi t .  The dimensions of t he  phased a r r ay  are 
16 m x 32 m. 
t r e a t e d  In the  earlier JPL rtudy). 

Electric propulsion is used t o  t r anspor t  t he  oys t e r  from t h e  s h u t t l e  

(Note t h a t  this ar ray  is twice t h e  s i z e  of the  8 m x 32 m a r r a y  

A mass breakdown from the  U rtudy is given below: 

l b s  - 
Phased array 19,400 8,818 
Power (GaAs/Ni-H2) 11,600 5,272 
Orb i t  Raising (Electric Propulsion) 4,700 2,136 
Struc tures  3,600 1,636 
Signal  Processing/Data Link 1,100 . 500 
IR Sensor 2,000 909 
Miscellaneous plus 10% contingency 5,800 2,636 

TOTAL: 48,200 21,907 

The system requires  28 v o l t s  doc. t o  be suppl ied t o  microwave generators loca ted  
wi th in  t h e  phased array.  If t he  CaAs/Ni-H2 power subsystem were t o  be replaced 
with a nuclear SP-100 of 23000 kg, a mass savings of d o 0 0  kg would r e s u l t .  
Thus, it would appear t h a t  a s l i g h t l y  l a r g e r  system might be accommodated with the  
nuclear  system. 
t h e  SBR s i z e  increase.  

A de ta i led  study would be required t o  determine the  ex ten t  of 

The uni t  mass of the phased ar ray  is 

ARRAY MASS 8818 k g  = 8818 * 17.2 k g / d  
ARRAY AREA 16 m x 32 m 512 

It is noted t h a t  the  earlier JPL study was based on a n  a r ray  s i z e  of 256 m2 
(8 m x 32 m) and a n  array mass of 6300 kg. 
26.6 kg/$. 
t h a t  t h e  e a r l i e r  JPL s t u d y  may have been based on a heavier microwave generat ing 
setup,  which LL had formerly used .  

This  provides a higher u n i t  mass of 
D r .  Tsandoulas was unable t o  expla in  the  difference,  but thought 

PROJECTIONS TO A -300 kW, SBR SYSTEM 

For a la rger  power system, D r .  Tsandoulas be l ieves  t h a t  a system with a - 10 db  
i n c r e a s e  i n  s e n s i t i v i t y  would be of i n t e r e s t .  
four-fold increase i n  area and a f ac to r  of 2.5 increase  i n  power. This  system, as 
v isua l ized  by Dr. Tsandoulas, would have a s i z e  of 32 m x 66 m and a power l e v e l  

This could be achieved with a 

of d o 0  kWe (2 .5 x 120 kWe). 

According t o  D r .  Tsandoulas, LL considers a length of 32 m t o  be about t h e  u p p e r  
l i m i t  f o r  convencional r i g i d  s t r u c t u r e  approaches. The d r ive r  is the f l a t n e s s  
requirement f o r  the  array.  Beyond 32 m, advanced approaches (e.$., “dynamtc 
membrane”) would have t o  be invoked. These  approaches, i f  successful ,  could 
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r e r u l t  i n  a guesstimated 2040% MIS savings as compared t o  conventional rigid-body 
approaches. However, these advanced s t ruc tu ra l  concepts are unproven and will 
requi re  an in t ens ive  development e f fo r t .  

-Based on t h e ’ u a i t  MSS of the  120 kUe array,  a mass of 35,272 kg (8818 kg x 4) is 
est imated for the  300 kWe array. If advanced s t ruc tu res  can provide a savings of 
40%, t h e  MSS would be 21,163 kg. 
approximately the  same as the  t o t a l  mass fo r  the  120 kWe system. Thus, based on 
MSS assumptions used by LL, the  300 kWe SBR concept vtisualited by Dr.  TRsandoulas 
w i l l  r equ i r e  a t  least two s h u t t l e  f l l g h t s  and some on-orbit assembly. 

This weight f o r  the  300 kWe phased a r r ay  is  

TF : m r  
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IACKGROUND 
As a followup -.a previous telecoa (see w f e r e a c c  Rcport-N0.~TgS-354-85-127 
dated 12 D e k b e r  1985). a call  w a s  placed t o  obtain add i t iona l  d e t a i l s  regarding 
t h e  packaging volume of t he  16 m x 32 m SBR antenna. 
antenna packaging arrangement (as mentioned i n  t h e  previous report)  have k e n  
requested from Craeoe Aston, vho had previously received t h i s  material. 
t h i s  material has not yet  been located, fu r the r  d e t a i l s  a8 reported he re in  were 
sought; 

The vievgraphs showing the 

Since 

PEUSED ARRAY PACKAGING ARRANGEMENT 

I n  checking through his notes, Weidler found t h a t  t he  height ,  wldth, and length 
of t h e  stowed array w a s  j1.78 m (70") x 2.39 P ( 9 4 " )  x 16 ml. 
composed of 18 panels having dimensions of 1.78 m x 16 m, where 18 x 1.78 1 - 
32 a. Weidler had p r e r i w s l p  estimated t h a t  t he re  were 16 panels having dimem- 
r lons  of 2 E x 16 m bee  Report No. TeS-354-85-127), but t h e  later values u 
given herein r c f 1 e c t . a  more carefu l  review of his notes. I n  the  stowed coofigur- 
ation, the  wldth p c d t t e d  for each panel I s  2.39 r/18 panels = 0.133 P. 
panel and associated folding t r u s s  r t r u c t u t e  mst f i t  wi th in  this 0.133 B (5.22') 
al locat ion.  

the  a r r ay  vas 

Iaeh 

It  I8 noted tha t  two of the  folded 16 m x 32 P ar rays  can be f l t t e d  i n t o  the 
r h u t t l r  bay, a.g., atacking tue- rec tangular  p8ckages r e s u l t s  in an outer  e n d o p t  

The raximuia l ength  as given by t h s d i a g o u a l  of t h i s  rectangle 
)*- 4 . 3 t c h  correrponde t o  the diakter of t h e  osublm 
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cargo bay. 
t w o  a r rays  would have a MSS of 38,800 l b s  (17,636 kg). 

The mass of the  16 m x 32 a array is 19,400 l b s  (8818 kg). Therefore,  

As a basel ine for  the  32 m x 64 m SRB system corresponding t o  the  300 kWe SP-100 
it was suggested tha t  four  of the  16 m x 32 arrays be l inked together.  
would requi re  interconnecting s t ruc tu res  and probably an e l ec t ron ic  compensation 
system (see previous report) .  
ab l e  s t a r t i n g  point. For t h i s  baseline,  two s h u t t l e  f l i g h t s  would be required 
f o r  the  phased ar ray  and a t h i r d  f l j g h t  would be required f o r  t he  SP-100 and 
remainder of the  systems 

This  

Weidler agreed tha t  t h i s  would c o n s t i t u t e  a reason- 
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PROJECT CONTRACTOR CONTRACT or 
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R.  C a p u t o  J. Roschke  
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BACKGROUND 

A n  a p p r o a c h  t o  e s t i m a t i n g  t h e  mass of  t h e  300 kWe Spaced-Based R a d a r  (SBR) powered 
by t h e  SP-100 is t o  scale d a t a  p r o v i d e d  by L i n c o l n  L a b o r a t o r y  (LL). D i s c u s s i o n s  
w i t h  J i m  S t e v e n s ,  who is d e v e l o p i n g  mass estimates, i n d i c a t e d  t h e  n e e d  t o  c l a r i f y  
some o f  d a t a  p r e v i o u s l y  g l e a n e d  from LL (e .g . ,  C o n f e r e n c e  R e p o r t  TES-354-85-114, 
d a t e d  29 November 1985). The p u r p o s e  o f  c h i s  t e l e p h o n e  c o n f e r e n c e  vas t o  o b t a i n  
s c a l i n g  i n f o r m a t i o n  and c l a r i f y  a s s o c i a t e d  c o n f i g u r a t i o n a l  d e t a i l s .  

ARRANGEMENT OF RADAR PANELS 

T h e  32 m x 64 m r a d a r  f o r  b a s e l i n e  p r e l i m i n a r y  a n a l y s i s  p u r p o s e s  i s  t a k e n  t o  b e  
composed of € o u r  16 m x 32 m p a n e l s ,  where  t h e  d e s i g n  o f  t h e  p a n e l  is b a s e d  on a n  
e x i s t i n g  LL a r r a n g e m e n t .  T h e r e  are  t w o  a l t e r n a t e  a r r a n g e m e n t s  f o r  t h e  p a n e l s .  
I n  o n e  a r r a n g e m e n t ,  t h e  f o u r  p a n e l s  c o u l d  b e  p l a c e d  s i d e - b y - s i d e  w i t h  :he 6 4  rn 
s i d e  composed of f o u r  16 m s e g m e n t s .  I n  :he o t h e r  a r r a n g e m e n t ,  t h e  f o u r  p a n e l s  
c o u l d  be l o c a t e d  so t h a t  e a c h  p a n e l  fo rms  a q u a d r a n t  of t h e  32 m x b b  3 a n t e n n a .  
Bo th  W e i d l e r  and T s a n d o u l a s  f e l t  t h a t  t h e  q u a d r a n t  a r r angemment  would p r o b a b l y  be 
a d v a n t a g e o u s  f rom a power d i s t r i b u t i o n  s t a n d p o t n t .  T h e r e f o r e ,  i t  is s u e g e s t e d  
t h a t  t h e  q u a d r a n t  a r r a n g e m e n t  be chosen  f o r  t h e  b a s e l i n e .  
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SCALING OF SIGNAL PROCESSOR/DATALINK 

For  :he 16 m x 32 m SBR, this category was given a mass of 1100 lbs (500 kg). 
In searching through his notes, Weidler found that he had used the same value 
f o r  the smaller 8 m x 16 rn SBR,  which implies that the mass remains essentially 
constant with power level and antenna size. 

Weidler's notes indicated that the contents of this category were 

Signal Processing 
Attitude Cantrol 
Telemetry and Command 
Thermal Control 

600 27 3 
100 45 
200 9 1  

91  200 - - 
1100 500 

Tsandoulas noted that there would probably be a very small increase in mass vich 
site, but that assuming this mass to be 1100 lbs (500 kg) for the 32 rn x 64 3 
system is a reasonable starting point. Although the larger array has many more 
modules, Tsandoulas noted that there vould only be small changes in signal proces- 
sor mass. Regarding attitude control, the phased array evidently includes i:s 
own attitude control. 
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3- Sp8IlOS 

At the SDAT meeting of 20 January 1986, several ideas were discussed that have 
ramifications regarding the shape of the antenna. 
location of the SP-100 in the same plane as the radar antenna were discussed 
from the perspective of shield weight savings due to the samll cross-section 
of the antenna. 
center with the radar forming an outer annulus was mentioned as a possibility. 
The purpose of the call was to obtain inputs regarding the radar design and 
performance implications of these arrangements. 

Ideas revolving around the 

The notion of locating the daisy wheel arrangement in the 

ANTENNA SHAPE 

Regarding antenna shapes, Dr. Tsandoulas indicated that the annular radar 
would be unsatisfactory. 
of the radar normal to the direction of motion is a critical parameter, which 
is determined from a complex set of trade-offs. 
determined. 
parallel to motiodlength perpendicular to the motion) usually ranges from 
2:l to 4:1, where 4:l is regarded as an upper limit. 
aspect ratios of 5:l may be possible. 

The radar must be an unbroken surface. The length 

The area of the array is then 
Rectangular shapes are desired and the aspect ratio (length 

For very large antennas, 
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CO-PLANAR SP-100 AND RADAR ANTENNA CONCEPTS 

Dr. Toandoulaa indicated that a co-planar arrangement was undctirable due to 
radar rcattering effectr. H e  noted that location of the SP-100 behind the plane 
of the radar uaa the preferred 1ocrtion. 
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BACKGROUND 

I n  an e a r l i e r  Conference Report (TES-354-86-013 dated 21 January 19861, Dr.  
Tsandoulas indicated t h a t  a co-planar l oca t ion  of t h e  SP-100 with t h e  plane 
of t h e  phased a r r a y  was undesirable due t o  in te r fe rence  e f f ec t r .  Questions 
were raised a t  t h e  SDAT meeting of 23 January 1986 regarding t h e  magnitude 
of t h e  in te r fe rence  and i ts  poss ib le  a l l e v i a t i o n  by s h i f t i n g  t h e  SP-100 so 
t h a t  it would be located i n  a plane o f f s e t  by -1 m from t h e  plane of the 
phased array. 
coupled with shu t t ing  off t h e  ou te r  r i ng  of modules would probably be acceptable 
in terms of reducing in t e r f e rence  effects.)  
t o  ob ta in  h i s  views. 

(Roland0 Jordan of JPL indica ted  t o  Len J a f f e  t h a t  t h i s  o f f s e t  

The ca l l  was placed t o  Tsandoulas 

INTERFERENCE EFFECTS 

Regarding the -1 m o f f s e t  suggestion, Dr. Tsandoulae ind ica ted  t h a t  we rhould 
consider t h i s  candidate only i f  it provided s i g n i f i c a n t  benefi ts .  
radar  performance involves a very complex ana lys i s  and is d i f f i c u l t  t o  asserr.. 
There are radar s i g n a l  d i f f r a c t i o n  e f f e c t s  from t h e  SP-100, which must be handled, 
and i t  is des i rab le  from the  radar  performance point-of-view t o  loca te  the  SP-100 
as fa r  from the phased a r r ay  plane a8 possible. 

The impact on 
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ADDITIONAL INFORMATION 

Dynamic Elec t ronic  Compensation 

~ This system is envisaged as using 8-11 lasers on the  outer  edge of the  

The system is not intended t o  
phased a r r a y  t o  determine f l a t n e s s  charac te r i s t ics ,  which w i l l  then be used t o  
c a l i b r a t e  t h e  e l ec t ron ic  compensation system. 
compensate f o r  v ibra t ion  modes. 
c a l l y  checked f o r  the  purpolre of ca l ibra t ing  the electronics .  
i s  expected t o  be mall. 

Instead, the surface f l a t n e s s  w i l l  be periodi- 
The mass increment 

Mass Differences between t h e  Lincoln Laboratory and Navy NRL Phased Arrays 

The Lincoln Laboratory 16 m x 32 m L-Band phased ar ray  of area 512 m2 and 
mass of 8818 kg has a un i t  M E 8  of 17.2 k g / d .  
a r ray  has an area of 750 d ,  a mass of 8182 kg and a un i t  mss of 10.9 k g / d .  
Tsandoulas notes  t h a t  L-Band and VHF have e indlar  f l a t n e s s  requirementr. VEF 
systema have fewer modules, but these modules are heavier than L-Band wdu le r .  
Mass d i f fe rences  are probably caused mainly by differences in s t r u c t u r a l  design 
approaches and requirementr f o r  the radar. 
regard t o  frequency band, cornparirons need t o  be made using a consis tent  ret of 
design ground ruler .  
bel ieves  that Darryl Weidler may have some dat8. 

The Navy NRL 15 m x 50 m VHP phased 
Dr. 

I n  order t o  discern trends with 

Teandoulas recalls tha t  they d id  rtudy UHF designa and 

B-13 



B-2. LOAD REGULATION TIME 

J. Stallkamp 

May 8, 1986 

B-14 



J E T  PROPULSION LABORATORY INTEROFFICE HGHORANDUM 
1342-86-E-043 

TO : Len Jaf f e 

FROU: John Stallkamp 

SUBJECT: SDAT Action Item 36 r 

~ ~ ~ ~ 0 ~ 0 ~ ~ ~ 0 0 0 ~ 1 ~ ~ 0 ~ ~ ~ ~ 0 0 ~ 0 ~ ~ ~ ~ 0 0 ~ ~ 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0 ~ ~ ~ ~ 0 D 0 0 ~ ~ 0 0 0 ~ 0 0 0 ~ 0 ~ 0  

I Load Regulation Time f o r  SBR SRPS I 
I I 

I formally meet the expressed, idealized, SBR requirement. I 
I I 

I implementation can cer ta in ly  provide a higher response rate.  I 

1 The SRPS load  f o l l o w i n g  c a p a b i l i t y  expec ted  fromthe c u r r e n t l y  I 
I proposed implemen ta t ion  can be expected t o  approach b u t  not  I 

1 C o n s i d e r a t i o n  could be g iven  t o  r e v i s i n g  t h e  load  f o l l o w i n g  1 
I v a l u e s  i n  t h e  c u r r e n t  SRPS s p e c i f i c a i o n ;  t h e  p r o p o s e d  1 

~ ~ ~ ~ ~ ~ o o o - - - - o o - o o - - ~ ~ o o ~ o o ~ ~ ~ ~ ~ o ~ ~ ~ ~ o ~ ~ o ~ o ~ o D o o ~ o o ~ ~ ~ ~ o o ~ o ~ ~ ~ ~ ~ ~ ~ o o o  

The present SRPS spec i f ica t ion  requi res  a power r a t e  of change of 100 kW per 
second w i t h  a goa l  of 2 kW per  mil l isecond.  Both these  r a t e s  a r e  s low 
compared w i t h  those expected t o  be achieved w i t h  the proposed implementation 
u s i n g  s h u n t  radiators.  When asked i n  e a r l y  competition both thermoelectric 
and thermionic contractors  indicated that  the maximum r a t e s  of change would be 
u l t imate ly  l imi ted  by the  amount of voltage change including overshoot t h a t  
would be permitted. 

A s p e c i f i c  p roposa l  by G.E. used p a r a l l e l  s w i t c h i n g  t r a n s i s t o r s ,  R C A  type 
2N6693, operating i n  a pulse w i d t h  modulation mode a t  20 Khz w i t h  f i l t e r s  t o  
i s o l a t e  t h e  s h u n t  regulator  from the user load. F u l l  load t r ans fe r  i n  10 m s  
w i t h  exce l len t  voltage control can be expected. Faster  t r ans fe r  r a t e s  down t o  
a few m i l l i s e c o n d s  a r e  p o s s i b l e  and p r a c t i c a l ,  accompanied w i t h  increasing 
voltage transients.  If s ign i f i can t ly  shorter t imes a r e  required, the p.w. m. 
f r equency  can be i n c r e a s e d  t o  a few hundred k i l o h e r t z .  However d i f f e r e n t  
components would be needed and a sensible mass penalty could occur. 

It is believed t h a t  the r a t e s  achievable w i t h  the above spec i f i c  proposal w i l l  
s a t i s f y  many poten t ia l  users  such a s  e l e c t r i c  propulsion. However i t  does not 
meet the radar  requirement a s  expressed by H I %  

In a series of phone c a l l s  w i t h  Lincoln Labs i n  Apr i l  1985, i t  was s t a t ed  t h a t  
the desired time t o  switch between two pulse r e p e t i t i o n  i n t e r v a l s  (PRI) and 
re-establ ish a highly iden t i ca l  r epe t i t i ve  pulse t r a i n  was 250 microseconds. 
(Load changes  between h a l f  and f u l l  load a r e  expec ted ,  which cor respond t o  
changes i n  PRI  over  ranges  of 2 t o  1 w i t h  250 s e a  t h e  m i n i m u m  PRI). The 
above requirement was acknowledged t o  be the  idea l  oase tha t  would r e s u l t  i n  
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no cons t ra in ts  being placed on the operat ion of the radar. It was a l s o  s t a t e d  
t h a t  i t  was not known how much slower a time could be permitted. 

I n  t h e  s i m p l e s t  terms t h e  t ime  t o  s t a b i l i z e  t h e  power f low a t  t h e  new r a t e  
adds t o  the time needed t o  complete a radar  search event, The m i n i m u m  t ime is 
t h e  sum of t h e  round t r i p  time t o  maximum range and the time (PRI X N) where N 
is  t h e  number of r e f l e c t e d  p u l s e s  from a sequence of v e r y  n e a r l y  i d e n t i c a l  
t r a n s m i t  pulses t h a t  m u s t  be r e c e i v e d  t o  deve lop  t h e  r e q u i r e d  s t a t i s t i c s .  
Typ ica l  t o t a l  t i m e s  range from 0.05 t o  0.2 second. T h u s  a l o s t  t i m e  of 5 m s  
is cer ta in ly  not des i rab le  b u t  a l s o  would not be t o t a l l y  catastrophic.  Times 
of a few milliseconds could be thoroughly acceptable. 

Of  course, the above s i m p l i s t i c  descr ip t ion  is f a r  from enough t o  e s t a b l i s h  a 
r e a l  requirement.  Other people  a t  J P L  have been  c o n t a c t e d  and, a s  could  be 
expected, the addi t ional  information i n  f a c t  r e s u l t s  i n  more questions.  

I n  conclusion the load fol lowing capab i l i t y  of t h e  proposed implementation can 
be expected t o  approach b u t  n o t  f o r m a l l y  meet t h e  expres sed ,  i d e a l i z e d ,  SBR 
requirement .  Secondly c o n s i d e r a t i o n  could  b e  g i v e n  t o  r e v i s i n g  t h e  l o a d  
f o l l o w i n g  v a l u e s  i n  t h e  c u r r e n t  SRPS s p e c i f i c a t i o n ;  t h e  p r o p o s e d  
implementation can ce r t a in ly  provide a higher response rate. 

F ina l ly  e s t a b l i s h i n g  a r e a l  SBR requirement may require a face-to-face meeting 
w i t h  appropriate people because many f ea tu res  of t h e  SBR task a r e  c lass i f ied .  
T h i s  w r i t e r  has  a number of q u e s t i o n s  t o  ask  and a r e a s  t h a t  need  t o  be 
c l a r i f i e d  be fo re  he would f e e l  he would unders tand  and be a b l e  t o  p r o p e r l y  
present and properly i n t e r p r e t  a requirement s ta tement  because of t h e  severa l  
t rade-offs  t h a t  a r e  ce r t a in ly  involved. 

JS: e h  
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B-3. SBR SPACECRAFT CONFIGURATIONS AND ANTENNA SUPPORT 

J.H. Stevens 

February 11, 1986 . 
Revised March and September, 1986 

Note: Many of the figures originally included in this document are now 
in the body of the report, and are not reported here. 
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THE FOLLOWING PAGE SHOWS THE 
OTV MASS D I S T R I B U T I O N  
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B-4.  SHIELD MASS TO REDUCE GAMMA DOSE 

L. Jaffe 

May 14, 1986 
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Following up the SDAT recommendation to reduce the g a m a  fluence delivered 
to the payload by the SRPS from 5 x lo5 rad to 1 x lo5 rad, I had asked Don to 
estimate the additional shielding required. 

For a 4.3-m diameter shielded area, using the daisy configuration, he estim- 
ated: 

At 25-m separation distance: 
At 50-m separation distance: 

170 kg 
130 kg 

To shield the 32 x 64 m SBR antenna he estimated that,'for a 25-m separation 
between reactor and antenna, the mass of tungsten would increase 40%. Since the 
mass calculated for 5 x 105 rad was 1350 kg, of which 66% was tungsten, the mass 
would be 1350 x 0.66 x 0.40 - 355 kg. 
(For the same antenna with 50-m separation, the mass of tungsten would increase 
56%; the shield for 5 x lo5 rad was 61% tungsten.) 

Note, however, that our nominal SBR configuration uses 25-m separation between 
the reactor and user plane, with the antenna 6 m from the user plane. 
configuration, the increased distance provides an additional attenuation of 
(31/25)2 = 1.54. 
x 5/1.54 = 3.25. 
ration is then 

For this 

The attenuation to be provided by the shield is then not x 5 but 
By my approximation, the shield mass increase for this configu- 

(3.25/5) * 355 = 233 kg. 
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B-5. SHUTTLE CAPABILITIES TO BE ASSUMED 

L. Jaffe 

May 27, 1986 
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JET PROPUISION LABoRATaw 1NTmncE MEE.113- 

27 May 1986 

m: L. Jaffe 

SUBJECT: Shut t le  Capabilities 

sp-100 spacecraft orbital  calculations have been difficult t o  
cOmpare because of varying views and varying assunptims as t o  
Shuttle performance. 

To resolve these difficulties, T. E’ujita, W. G r q ,  L. White and I 
have selected a set of asslmptions h i ch  we judge t o  en ta i l  low 
t o  medium r i s k  for our strawman schedules. W e  have gone over our 
conclusions with J a c k  Heller. 

The selected capabililities and characteristics are shown on 
attached sheets. mese values should be used for all SP-100 
system and mission calculations pertaining t o  the current 
strawman missions and t o  any other missions intended for f l i gh t  
i n  the 1995-2000 tine period. 

ends: text 
graph 

dist: SaAT &r SI info lists 
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27 May 1986 

SHUTTLE CAPABILITIES TO BE ASSUMED FOR SP-100 
(time period 1995-2000) 

PERFORMANCE 

Mass capability vs altitude is shown on the attached figure for: 

Orbital inclinations 28.5 and 57 deg 
Main engine thrust levels of 104 and 109%. 

These mass capabilities are after deduction so STS manager's and 
operations reserves. To get the allowable cargo mass, subtract 
the mass needed for RMS, EVA an ASE from the values shown. 

RMS 

T h e  m a s s  f o r  1 R M S  is 575 kg. The m a s s  for 2 RMS's is twice 
this. 

ASE 

T h e  m a s s  f o r  A S E  is t o  b e  t a k e n  a s  6% o f  t h e  m a s s  o f  t h e  
equipment it supports, except when a n  ASE design m a s s  is 
available for the specific equipment to be supported. 

EVA 

Additional mass required for EVA is to be taken as 100 kg. 

OTV MISSION 

Main engine thrust is: 

109% (if needed) for launch of OTV, 
104% for cargo to be carried to GEO. 

Orbitalassembly will utilize O M V  and, if required,EVA. (No 
RMS. ) 

SBR MISSION 

Main engine thrust is 104% 

Orbital assembly will utilize 1 RMS. 
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B-6. PROPULSION PERFORMANCE FOR TRANSFER FROM SHUTTLE 
ORBIT TO OPERATIONAL ORBIT 

T. Fujita 
W.B. Gray 

February-June 1986 

The attached tables were calculated separately from the graphs and were 
calculated at a later time. 
omitted . Portions not pertinent to the SBR mission are 
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Orbit-raising with on-board e l e c t r i c  propulsion 

T .  Fujita 

February 1986 
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ORIGINAC PKGE Is 
OF POOR QUALITY INTEkOFFICE NEIZDRFINEUM 

311.3-1631 

25 J u n e  1986 

T O :  L. L. J a f f e  

FROM: W .  E. Gray &! 

SUEJECT: S P - 1 0 0  Per fo rmance  f o r  S E E  a n d  O T V  A p p l i c a t i o n s  

REFEGENCES: 1. B e a t t y ,  h. 6 .  G . ,  " O T V  a n d  SER p e r f o r m a n c e  w i t h  new t a n l . a g e  
v a l u e s , "  JPL I U N  J12/@6.5-2422, d a t e d  31 March 19&6 

2 .  G r a k ,  W. E . ,  " O T V  Performance w i t h  Updated Tankrage V a l G e s , "  
JF'L I O N  Jll.2-!575, d a t e d  17 A p r i l  1986 

Z. J a f f e ,  L .  and F u j i t a ,  T . ,  " E ! e c t r i c  p r o p u l s i o n  c k - a r a c t e r -  
i s t i s s , '  i F L  I O N  Zl3.1.6S-l5FTHL, d a t e d  2G J u n e  198t 

4 .  J a f f e ,  L.,  " S h u t t l e  c a p a b i l i t i e s , "  JPL I O N  313,1.86-21FTHL, 
d a t e d  2? May 1756 

5 .  G r a y ,  W. B . ,  " S T S  Per fo rmance  C a p a b i l i t y , "  JPL IOM 311.3- 
1605 ,  d a t e d  29 Hay 1986 

e .  F a l a c : ~ w s \ i ,  E . ,  "Hvdroqen-,  Ammonia- and E e n o n - P r o p e l l a n t -  
Feed S y s t e m s , "  JPL 10M 353PSk-56-09&, d a t e d  1 1  March 1966 

P e r i o r m a n c e  p a r a f e t e r s  f o r  SP-130 powered e l e c t r i c  p r o p u l s i o n  systems a 5  
presented  , i n  R e f e r e n c e s  1 and 2 have  been u p d a t e d  t o  r e f l e c t  t h e  c u r r e n t  
d e s i g n  o p t i o n s .  F r o p u l s i o n  system p a r a m e t e r s  Hero t a k e n  from R e f e r e n c e  3 ,  S T S  
d e l i v e r y  c a p a b i l i t y  and groundr-u!es f r o m  i?eferer!ces 4 and 5 ,  and t a n k i g e  
f a c t o r s  from R e f e r e n c e  b .  

SEI? d e l i v e r y  c a s e s  werE i o n s i d e r e d  w i t h  assembly a t  a 475 k m  low e a r t h  o r b i t  
r t  e i t h e r  2 5 . 5  o r  57  d e s r e e s  i n c l i n a t i o n  with t r a n s f e r  o r b i t  i g n i t i o n  o c c u r i n g  
a t  450 k m  due t o  o r b i t a l  d e c a y ,  and assembly a t  t h e  Space  S t a t i o n  o r b i t  (5C0 
k m  a l t i t u d e ,  2E.5 d e g r e e  i n c l i n a t i o n ) .  All o f  t h e  SBh c a s e s  used  a nominal  
300 k w  r e a c t o r .  E l e c t r i c  p r o p u l s i o n  s y s t e m s  c o n s i s t e d  of NH3 a r c j e t s  ( I s p  = 
1000 and 1100 s e c o n d s )  and Xenon i o n  t h r u s t e r s  ( I s p  = 2220,  3000,  3684,  and 
4710 s e c o n d s ) .  C a s e s  were g e n e r a t e d  f o r  a l l  c h e m i c a l  p r o p u l s i o n ,  a l l  e l e c t r i c  
p r o p u l s i o n ,  and a h y b r i d  p r o p u l s i o n  system w i t h  c h e m i c a l  t r a n s f e r  t o  an 
a l t i t u d e  of  925 k.m a n d  e l e c t r i c  p r o p u l s i o n  t o  t h e  o p e r a t i o n a l  o r b i t .  
A d d i t i o n a l  c a s e s  were run  f o r  a l l  e l e c t r i c  p r o p u l s i o n  from an i n i t i a l  o r b i t  o f  
420 ka a l t i t u d e  and 57 d e g r e e s  i n c l i n a t i o n  f o r  e a c h  t h r u s t e r  s y s t e m .  Ground 
b a s e d  p r o p e l l a n t  t a n k s  were used f o r  a l l  c a s e s ,  w i t h  mu l t ip l e  t a n k s  required 
due  t o  S T S  p e r f o r m a n c e  l i m i t a t i o n s .  The t a n k s  were s i t e d  t o  p r o v i d e  o n l y  t h e  
amount o f  p r o p e l l a n t  r e q u i r e d  f o r  t h e  mis s ion .  R e s u l t s  of  the  SbR c a s e s  a r e  
p r e s e n t e d  i n  A t t achmen t  1. 
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B-7. MINIMUM A.LTITUDE FOR SPACECRAFT ASSEMBLY. 
ORBITAL DECAY, AND ORBITAL LIFETIME 

L. Jaffe 

June-September 1986 

The attached memos deal with orbital decay and orbital lifetime of three 
different configurations of the spacecraft: 

1) Individual elements of the spacecraft, parked in orbit prior to 
assembly. 

2)  Completed spacecraft, assembled, but not deployed. 

3) Complete spacecraft, fully deployed (during electric propulsion). 

In reading these memos, it is important to note which of these 
configurations is considered in each memo. 

In the September 16 memo, Figure 1 has been removed; a s  it is included 
in the body of this report as Figure 13-1. 
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JEX! PROPULSION LABORATOW 

September 16, 1986 

SUBJECT: Minimal a l t i t u d e  for SBR assembly 

ERa4: L. Jaffe 

To: 93AT and Information L i s t  

Ref. a: I W  313.1-86-16, t h i s  subject, Jaffe t o  91A: 

b: IOM 313.1-86-030FTHL, "Orbital Decay Rate during SBR 
ASSembly", Jaffe t o  =TI 7/16/86 

C: ICM 313.1-86-036, "Minimal Alti tude and Orbital Decay 
Rate during Assembly", Jaffe t o  SWiT, 8/4/86 

This is an update of ref. a, giving the mininum a l t i t u d e  for  SBR orbital  
assembly. me primary change is in expnding the information on orbi ta l  
lifetime vs. a l t i t u d e  for 2 antenna quadrants, Table 2. 

The mininum a l t i t u d e  is set by the  requirement t h a t  elements of 
the S3R spacecraft, left in orbi t  by the  m l t i p l e  Shuttle sor t ies  needed, 
must not decay into the atmos@ere before a s e l y  is cosrp?letd. 
recarmended orbital  lifetime is 1 par .  

The a l t i t u d e  t o  insure 1 year orbital lifetim for v a r h u s  
possible SBR orbiting elements is shown in Table 1 for various cases. A 
recomnended rninirmm a l t i t u& is included for each object and is based on the 
discussion of attitude, below. 
assembly a l t i t u d e  require3 is about 400 Ian. 

J. Heller and H. Bloanfield have proposed saenarhs using assanbly 
a t  200-278 km. Table 2 gives the orbi ta l  lifetime over a range of a l t i t u d e s  
for a pair of SBR antenna quadrants, with and w i t h o u t  the i r  supporting 
structure. A t  200 km, the orbi ta l  lifetime is only about 5 days; a t  278 kmm, 
it is about 30 days. 

The 

For the  s o e ~ r i o s  investigated so far ,  the 
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ASstMpTIONS AN) DATA SaJ'KES 

Att i tuQ 

The a t t i tude  t h e  SBR elements w i l l  assune without active a t t i tude  
control w a s  estimated. Cbnversatbns w i t h  P. Ja f f e  and T. Kia of JPL 
indicated that a t  t he  a l t i t udes  of interest  t h e  major external disturbing 
torque is due t o  aerodynamic drag. Ebr the  objects amsiQred, t h e  lorq 
axis w i l l  terd t o  o r i en t  along t o  t he  velocity vector but w i l l  o s c i l l a t e  
and may turble. The objects w i l l  also tend t o  spin a b u t  t he i r  long axis. 

The tables gives orb i ta l  decay results f o r  6 and 99 degree angles 
of a t t a c k  (angles betwen the  velocity vector and t h e  long axis of t h e  
element) . I suggest use of a weighted average (weightd 2:l) as a 
conservative estimate t o  cover the  unaxtainty in Fo jec t ed  area a r i s ing  from 
t h e  osci l la t ions.  These weighted averqe results are shown as nRecammerrdedn 
i n  t h e  tables. 

Drag and Ballistic Coefficients 

The drag coeff ic ient  was taken as 2.86, t h e  mean of estimates 
received from J. Heller (W) and P. Jaffe (Ja). The ballistic 
coefficient is : 

mass/(drag coeff ic ient  x projected area) 

W e n  from Kwok (ref. 1) 8 fo r  2-sigma high sdar  act ivi ty .  

Orbital Lifetime 

Based on tab les  of D. German (re€. 2) 8 giving a l t i tude  vs. 
(orbi ta l  l i f e t i m e / b l l i s t i c  c o d f  ic ient)  . German u t i l i zed  Kwk's 
a tms@er ic  model. For a l t i t u & s  between t b s e  given in German's table,  I 
f i t t e d  a quadratic sp l ine  t o  the  logarithm of t h e  alt i tude.  Since erman's 
t ab les  cover a l t i t udes  of 290 lan and higher, w l u e s  in W l e  2 fo r  lower 
a l t i t u d e s  u t i l i z e  extrapolation. 

References 
1) J. H. Kwok, JPL, "Drag effect on l i f e t i r n e  of high a l t i t u &  

spacecraft", IOM 31y83.2 t o  R. A. Wallace, 7 Apil 1983. 

2) D. German, Science Applications, Inc., April 1986. 

m:tk 

cc: 93AT Member & Info Lists 
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Table 2. Lifet ime vs. orbit altitude for two SBR antenna quadrants. 

Altitude, Orbital lie, days 
km 

Angle of attxck 60 Angle of a t w k  900 Recommerr3ed 
without with without with value 

internomst interr=onnst 

200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 
475 
500 

10 
19 
34 
61 
110 
180 
310 
500 
810 
1300 
1900 
2900 
4300 

12 
22 
42 
73 
130 
220 
3 70 
600 
97 0 
1500 
2300 
3500 
5100 

2.4 
4.5 
8.0 
14 
25 
43 
73 
120 
190 
300 
46 0 
680 

1000 

2.7 
5.0 
9.6 
17 
29 
50 
84 
140 
220 
35 0 
53 0 
79 0 
1200 

5.2 
10 
18 
32 
56 
96 
160 
26 0 
420 
660 
1000 
1500 
2200 
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Jet Propulsion Laboratory 
California Institute of Technology 

4800 Oak Grove Drive 
Pasadena. California 91109 MEMORANDUM 
SP-100 Project Office, 
SP-100 Program DOD/DOE/NASA 

For: 0 Information Ref. No.: 313-1-86-036 

Date: August 4, 1986 0 Action 

Subject: 

To: SDAT 

From: L. Jaffe 

Minimal Alt i tude and O r b i t a l  Decay Rate During SBR 
Assembly 0 Planning 

0 Procedure 

Ref. a: IOM 313.1-86-16, "Minimal A l t i t u d e  f o r  SBR Assembly", J a f f e  t o  
SDAT, 6/ 23/ 86 

Ref. b: IOM 313.1-86-030FTHL, " O r b i t a l  Decay Rate During SBR Assembly", 
Jaffe t o  SDAT, 7/16/86 

An a l t i t u d e  of 400 km o r  s l i g h t l y  lower should be adequate f o r  assembly 
of t h e  SBR spacecraft. 

BASIS 

Refs. (a )  and ( b )  gave da ta  concern ing  t h e  a l t i t u d e  needed t o  p r o v i d e  
l-year o r b i t a l  l i f e  f o r  each of t he  major SBR and upper stage elements and 
t h e  o r b i t a l  decay rate for  these elements. This  memo provides corresponding 
data for  t h e  whole SBR spacecraft (excluding propulsion), assembled but not  
deployed . 

Using a weighted  average  p r o j e c t e d  area f o r  drag, t o  p r o v i d e  some 
margin  f o r  u n c e r t a i n t y  i n  t h e  s p a c e c r a f t  a t t i t u d e ,  as d i s c u s s e d  Ref. (b) ,  
t h e  a l t i t u d e  r e q u i r e d  f o r  1 y e a r  o r b i t a l  l i f e t ime  is 400 km. If t h e  
spacecraft  i s  placed i n i t i a l l y  a t  400 km, 6 months later i t s  a l t i t u d e  w i l l  
have f a l l e n  t o  360 km. R e s u l t s  are summarized in T a b l e s  1 and 2 and 
de t a i l ed  in t h e  appendix. Table  1 also g i v e s  r e s u l t s  for some p a r t i a l  
assemblies. 

The element whose o rb i t  decays most quickly is t h e  first element l e f t  
i n  o r b i t :  a s i n g l e  radar a n t e n n a  quadran t ,  w i t h  its associated s t r u c t u r e  
(Table 1). This sets t h e  ini t ia l  a l t i t u d e  needed for assembly a t  about 410 
km. The a l t i t u d e  of t h e  e l e m e n t s  l e f t  in o r b i t  w i l l  decrease between 
S h u t t l e  s o r t i e s ;  s u c c e s s i v e  s o r t i e s ,  each b r i n g i n g  up  a n  e l e m e n t  t o  
assemble, w i l l  be t o  successively lower a l t i tudes .  
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Recent  i n f o r m a t i o n  (be ing  documented s e p a r a t e l y )  i n d i c a t e s  t h a t  t h e  
s p a c e c r a f t  can be t r a n s f e r r e d  from assembly t o  o p e r a t i o n a l  o r b i t  by a 
Centaur off-loaded t o  f i t  w i th in  Shu t t l e  cargo mass constraints.  (Th i s  of 
c o u r s e  i g n o r e s  t h e  r e c e n t  NASA d e c i s i o n  n o t  t o  c a r r y  Centaur  i n  S h u t t l e ,  
which came too  l a t e  t o  be considered i n  our study.) The Centaur would not  
have t o  be lef t  i n  o rb i t  between Shu t t l e  sorties. The last  assemblage t h a t  
would be s t o r e d  i n  o r b i t  between S h u t t l e  so r t i e s  i s  t h e  SBR spacecraft, 
assembled but not deployed. 

The a l t i t u d e  r e q u i r e d  f o r  a g i v e n  o r b i t a l  l i fe t ime of t h e  assembled 
spacecraft i s  lower than t h e  corresponding a l t i t u d e  f o r  t h e  Shu t t l e  sortie 
ca rgo  c o n s i s t i n g  o f  t h e  SRPS w i t h  t h e  mis s ion  module, s i g n a l  process ing ,  
radar cen t r a l  power conditioning, and a s s o c i a t e d  s t r u c t u r a l  i n t e r c o n n e c t s  
(Ref. a). The l a t te r  package would not  be parked i n  orb i t  alone, but rather 
assembled w i t h  t h e  previously parked antenna quadrants and s t r u c t u r e  t o  form 
t h e  complete spacecraft. 

The assumptions and data sources used i n  t h e  ca l cu la t ions  are given i n  
Refs. (a) and (b). 
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Altitude, 

lan 

po.000 
210.000 
2a.m 
23o.OO0 
240.000 
250.000 
Z6O.OOO 
210.000 
280.000 
290.000 
300.000 
310.000 
3a.000 
330.000 
34o.m 
360.000 
36o.m 
3 P . ~  
380.000 
3 9 0 . ~  
4oo.oO0 
410.000 
4a.000 
430.000 
440.000 
450.000 
m.000 
470.000 
1180.000 
490.000 
500.000 
510.000 
5a.000 
530.000 
54o.oO0 
550.000 
56o.OOo 
570.0oO 
580.000 
590.000 
600.000 

daors 

8.401 
10.824 
13.895 
17-775 
22.658 
28.7'78 
36.423 
45.93 
57.724 
72.282 
90.189 

112.133 
138.921 
171 A97 
210.959 
258.579 
315.823 
384.38 
466.129 
563.272 
678.242 
813.7'76 

1159.066 
972.95 

1375.913 
16230s 
1909.420 
2242.572 
2629.810 
3W5.634 
3583.021 
4169.766 
w7.543 
5629.622 
6531.071 
7568.979 
8762.692 

10134.110 
1 17W -960 
13512.150 
15578.130 

Y- 

0.023 
0.030 
0.038 
0.049 
0.062 
0.m9 
0.100 
0.126 
0.158 
0 . 198 
0.247 
0.301 
0.380 
0.470 
0.578 
0 0 7 0 8  
0.865 
1.052 
1 . n 6  
1.542 
1 .E7 
2.228 
2.664 
3.173 
3.767 
4.444 
5.228 
6.140 
7.200 
8.421 
9.810 

11.416 

15.413 
17.881 
20.723 
23 .991 
3.746 
32.055 
36.994 
42.651 

13.2'72 

Wtal decay rate 

wdagr 

4.665 
3.672 
2.902 
2.301 
1.832 
1.464 
1.174 
0.946 
0 -764 
0.620 
0.505 
0.413 
0-339 
0.219 
0.231 
0.192 
0.160 
0,134 
0.112 
0.0% 
0.08) 
0.068 
0.058 
0.050 
0.043 
0.038 
0.032 
0.028 
0.024 
0.021 
0.018 
0.016 
0.014 
0.012 
0.010 
0.009 
0.008 
0.oq 
0.006 
0 .w 
0.005 
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ladyear 

1703.N8 
1341 .278 
1059.776 
840.514 
669.135 
534 -716 
428.920 
345.364 
219-1113 
226.479 
184.454 
150.802 
123.763 
101 .%3 
84.326 
70.010 
58.30 
48.m 
41.008 
3.58) 
29274 
24.883 
21 0 2 2 9  
18.186 
15.641 

11.838 
10. t76 
8.762 

13.793 

7.751 
6.699 
5 0796 
5.020 
4.353 
3.779 
3 . m  
2.66 
2.488 
2.169 
1.893 
1.654 

Altitude after 
0.167 year 

lan 

O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
0 .OO0 
O.Oo0 
O.OO0 

223.004 
So833  
216. 
293.463 
308.615 
322.468 
336.464 
347.863 
3 9 . m  
31.466 
382.60 
M -03 1 
u .042  
415 -907 
426.643 
437.259 
447.636 
457.950 
468.236 
478.494 
488.678 
'W"76 
508.867 
51 8.955 
529.040 
539.123 
!%go204 
559.284 
569.362 
579.439 
589.514 
599.585 

0.500 Y e  
km 

0.000 
0 .000 
0.000 
0 .ooo 
0.000 
0 .OOo 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

253 0749 
292.381 
317.023 
336.464 
353.176 
368.216 
382.135 
3%.= 
1107-776 
419.833 
431.517 
442.713 
453.761 
464.661 
475.436 
486.031 
4%.4& 
506.892 
517.248 
527.563 
537.843 
548.093 
558.319 
568.523 
578.708 
588.876 
599.028 



utikde, 

h 

m.000 
210.000 
2a.000 
m.Oo0 
240 .000 
25o.m 
260.000 
210.000 
m.000 
290.000 
3 0 0 . ~  
310.000 
w.OOo 
33.000 
W.Oo0 
350.000 
360.000 
m.000 
38o.OOo 
390.000 
40O.OOo 
410.000 
m.000 
43.000 
44o.OOo 
450.000 
460.000 
470.000 
48o.OOo 
490.000 
500.000 
510.000 
5a.000 
530.000 
5110.000 
550.000 
560.000 
570.000 
580.000 
590.000 
600.000 

dsors 

2.461 
3.171 
4.071 
5 . m  
6.639 
8.432 

10.672 

16.91 3 
21.178 
26.425 
32.64 

*703 
50.247 
61.810 
75 0762 
92.534 

112.6~7 
136.573 
165.03 
198.721 
238-4331 
ZE.061 
339.599 
1103.13 
4'75.606 
559.448 
657.059 
770.518 
901.141 

1049.802 
1221.715 
1420.299 
1649.443 
1913 -562 
2217.663 
2567.413 
2969.229 
343.358 
3958.974 
664.294 
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Y- 

0.w 
0.009 
0.01 1 
0.014 
0.018 
0.023 
0.029 
0.037 
0.046 
0 .E8 
0.072 
0.090 
0.111 
0.138 
0.169 
0.207 
0 253 
0.308 
0.374 
0.452 
0.544 
0.653 
0.780 
0.93 
1 .lo4 
1.32 
1.532 
1.799 
2.110 
2.467 
2.874 
3.345 
3.889 
4.516 
5 . a 9  
6.W2 
7.029 
8.129 
9.392 

10.839 
12.4% 

mtal decayrate 

WW 

15 -922 
12.533 
9.903 
7.64 
6 -253 
4 .w 
4.008 
3.221 
2.608 
2.116 
1.724 
1.409 
1.156 
0.953 
0.788 
0.654 
0.545 
0.456 
0.383 
0.323 
0.V4 
0 . Z  
0.198 
0.170 
0.146 
0.129 
0.111 
0.0% 
0 .O& 
0.m2 
0.063 
0 . H  
0 .a7 
0.041 
0.03 
0.031 
0.027 
0.023 
0.oa 
0.018 
0.015 

W Y  

5815.648 
4577.842 
3617.064 
2868.712 
2283.788 
1 s  0010 
1463.924 
1 l78.741 
952.726 

629 549 
514.693 
422.1107 
348.002 
287.810 
238.949 
199.152 
166.629 
139.962 
118.022 
99.913 
84.915 
72.455 
62.068 
53.383 
47.078 
110 0403 
3.731 
29.904 
26.64 
22.863 
19.7@ 
17.19 
14.&7 
12.896 
11.207 
9.749 
8.490 
7.402 
6.461 
5.645 

772.96 

Altitude after 
0.167 year 
h 

0 .000 
O.Oo0 
0.000 
0 .m 
0.000 
O.Oo0 
0.OOO 
O.Oo0 
0.000 
0 .m 
O.OO0 
0 .m 
O.OO0 
O.OO0 

186.026 
275.593 
3U7.451 
33.006 
348.465 
364 -621 
379.309 
392.986 
405.926 
418.306 
430.244 
441.6110 
62.846 
463.816 
474.7'76 
46.467 
4% .995 
506.410 
516.884 
527.248 
537 -57 1 
547.857 
558.114 
568.345 
578.553 
588.741 
598.91 1 

0.500 Y W  
km 

0.000 
0.000 
0.000 
0 .Oo0 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0 .OO0 
0.000 

279.038 
333.709 
363.822 
386.323 
Ju35 0029 
421 .m 
435.943 
449 823 

m.569 
487 0490 
499.226 
51 0.692 
521 -937 
533.002 
543.918 
54.710 
565.397 
575.996 
586.518 
596.976 

463.028 
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utftude, 

hl 

m.000 
210.000 
220.000 
230.000 
240.000 
25o.m 
26O.OOO 
210.000 
280.000 
290.000 
300.000 
310.000 
320.000 
33.000 
wo.000 
35o.m 
360.000 
370.000 
38o.OOo 
350.000 
400.000 
410.000 
420.000 
430.000 
440.000 
450.000 
46O.OOO 
470.000 
48o.Ooo 
490.000 
5oo.oO0 
510.000 
520.000 
53.000 
540.000 
550,000 
560.000 
570.000 
580.000 
590.000 
600.000 

wtal life9 

days 

4.601 
5.921 
7.609 
9.734 

12.408 
15.760 
19.946 
25.155 
31.61 1 
39.583 
49.389 
61 .U 
76 -076 
93.915 

115 -525 
141 .bo3 
172.951 
210.487 
25.261 
308.69 
371.418 
46.639 
532.793 
63.721 
753.476 
888.931 

1045.636 
122B.U?5 
lwlo.134 
1684.276 
1962.131 
2283.443 
2654.m 
3082.888 
576 -539 

4798.617 
5549 -631 

41111).9"7 

641 1.502 

630.882 
7399.511 

years 

0.013 
0,016 
0.021 
0 .027 
0.034 
0.043 
0.055 
0.069 
0.081 
0.108 
0.135 
0.168 
0.208 
0 0 2 5 7  
0.316 
0.388 
0.474 
0.576 

0.845 
1 e017 
1 .a 
1.459 
1 e 7 3 8  

2.063 
2.434 
2.863 
3.362 
3.943 
4.611 
5.372 
6 252 
7.268 
8.4110 
9.7z 

11.348 
13.138 
15.194 
17 -554 
20.259 
23.356 

0.699 

Wtal decay rate 

wm 
8.519 
6.706 
5.298 
4.P2 
3.345 
2.673 
2.144 
1.727 
1.396 
1.132 
0 822 
0.754 
0.619 
0.510 
0.422 
0.33 
0.292 
0.244 
0.205 
0. rn 
0.1116 
0.124 
0.106 
0.091 
0.078 
0.069 
0.059 
0 0051 
0 -044 
0.039 
0 -033 
0.029 
0.025 
0 0022 
0.019 
0.016 
0.014 
0.012 
0.011 
0.009 
0.008 

B-56 

W Y -  

3111.557 
2449.291 
1935.244 
1534.62 
1 m  ,900 
976.439 
783.246 
63.664 
509.739 
413.571 
3366.829 
215.377 
2Z6.001 
186.192 
153 -981 
127.845 
106.553 
89.152 
74.884 
63.146 
53.456 
45.432 
38.766 
33.208 
28.56 1 
25.188 
21.617 
18.582 

14.54 
12.233 
10.584 
9.167 
7.949 
6.900 
5.996 
5.216 
4.543 
3.960 
3.457 

15.999 

3.020 

Altitude after 
0.167 year 
h 

O.OO0 
0 ,000 
O.OO0 
0 .m 
O.Oo0 
0 .000 
O.OO0 
0 .m 
0 .Ooo 
O.Oo0 
0 .OOo 

162.261 
252.718 
282.683 
304.021 
321.606 
337.103 
351.284 
364 e57 1 
377.216 
m.3m 
401 . 172 
41 2.664 
423.908 
43.940 
445.6110 
456.247 
166 .m 
477.244 
481.589 
497.836 
508.056 
518.253 
528.432 
538.595 
548.746 
558.886 
569.016 
579.137 
589.250 
599.355 

0.500 Year 
lm 

0 .Oo0 
0 0000 
0.000 
0.000 
0.000 
0.000 
0.000 
0 .OOo 
0 .OOo 
0.000 
0.000 
0.000 
0 .OOo 
0.000 
0.000 
0 0000 
0.000 

215.973 
316.831 
342.774 
363.102 
380.456 
E.972 
41 0.243 
423.616 
436.112 
448.167 
459.945 
471 0441 
402.627 
493.537 
50'4.362 
515 0072 
525.681 
536.222 
5116.691 
557.103 
567.468 
5'77.791 
588.077 
598.332 
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Orbital Lifetime of Assembled S3R Spacecraft 
(further revised) 

a. IOM 313.11-86-017ET€IL, L.Jaffe t o  C.Bel1 & 

b. IOM 343-86-1129, T.Kia t o  L.Jaffe, "SI?-100 

J.M.Boudreau, this subject, 23 June 1986 

orientation using passive gravity gradient 
stabilization,' 6 August 1986 

c. IOM 343-86-1170, T.Kia t o  L.Jaffe, "SP-100 
orientation using passive gravity gradient 
stabilization, revisited,' 12 August 1986 

system design, and integration review," 12 
February 1986 

e. J.M. Boudreau, "Safety of Start-up in (High) 
Shuttle Orbit', U s  Alarms N a t l .  Lab, in Fep. 

J. Sercel, "Propulsion Subystem,' appendix t o  R.M. 
Jones, "SP-100 SBR Study. F h a l  Review", July 16, 
1985. 

d. IOM 343-86-169, J.Spanos, "SP-100 at t i tude control, 

f .  

Reference (a) gave the  orbital lifetime of the  assembled 
spacecraft i f  electric propulsion should ease during the  trans- 
fer f r m  asseinbly orbi t  t o  operational orbit. It uti l ized infor- 
ra t ion on m at t i tude  given i n  reference (b), and covered ini- 
tial al t i tudes of 420-500 Icm. 

The spacecraft att i tudes given i n  reference (b) have since 
been updated by reference (c). This mem up&ites the  orbi ta l  
l ifetimes acaxdingly. Results are g i E n  i n  the  attached Table 1 
and Figure 1. Taken into acmt is the  effect  of the  sep l r a tbn  
distance between reactor and mission mdule upon the stdsle atti- 
tude (reference c) and hence upon the  orbi ta l  lifetime. Becase 
we are now considering assembly orbits lower than 420 km for  the  
m, t ra jector ies  have been added for initial a l t i t u c k s  down t o  
380 km. 

The table includes ion as well as arcjet propulsion but OUT 
current scenarios do not u t i l i ze  ion propulsion for  t he  SBR 
mission. 
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Comparing the results with your curves for desired t i m e  for 
decay of radioactivity, it appears that there is a problem only 
during the f i r s t  weeks of operation, as you previously pointed 
out. *re appears t o  be significant advantage, with respect t o  
decay time provided, in increasing the separation distance t o  40 
meters and increasing the assembly a l t i t u d e  t o  500 Ian. 

It is possible t o  increase the a l t i t u d e  attained a t  q t h  
during the first  e e k s  of operation by leering the specific 
irrpulse of the propulsion system (refer- f ) .  W i t h  arcjets the 
specific irrpulse m i g h t  be lowred fran the 1000 lbf-s/lhn, used 
in the table, t o  500 lbf-s/lhn, for exanple. This would i n  
principle permit attaining a given altitude in half the time, a t  
the cost of added propellant mass. The adM propellant mass is 
not of great mncern, since the propulsion system a u l d  still be 
launched by 1 Shuttle flight. However, the engine efficiency 
would drop, neces-sitating a calculation I have not pt made. 
Also, looking a t  the figure, it appeala t h a t  even halving the 
time t o  reach a given altitude, and hence a given orbital life- 
the, w i l l  not in itself avoid the problem during the f i r s t  few 
weeks: the curves w i l l  still cross. 

To aid in estimting h m  high the start-up a l t i t u d e  would 
have t o  be t o  provide decay times above your curves throughout 
the propulsion period, I have added t o  the table informtion on 
the orbital lifetime for various given a l t i t u d e s  and pb t t ed  
these results (Figure 2). Though your curves of decay t i m e  vs. 
run time, Shawn in Figure 1 (reference e) extend down only t o  run 
times of 7 days, they suggest that  decay times of 1 0  t o  100 yeam 
should be acceptable for very short operating tines. Figure 2 
indicates that su& orbital lifetimes correspord t o  SBR a l t i t u d e  
of 850 +/- 50 km with a seplration distance of 25 meters and 
660 +/- 40 km with a separation distance of 40 m. 

Data sources and assunptions used in the orbital l i f e t i m e  
calculation, as w e l l  as further cammts, are  attached. 

cc: menber and info lists 
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Pro@- Eurn Initial 
sfon time o rb i t  

aays Irm 

Arc 

I 

i Ion 

Nom 0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

7 
7 
7 
7 
1 

28.0 
27.5 
26.8 
25.9 
24.1 

7 
7 
7 

380 
400 
420 
450 
480 
500 
520 
540 
560 
580 
600 
620 
640 
660 
680 
700 
720 
740 
760 
780 
BOO 
820 
840 
860 
880 
900 
950 

1000 
1088 

380 
400 
420 
450 
500 
380 
400 
420 
450 
500 

380 
400 
420 

D e l t a 4  

d S  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

250 
250 
250 
250 
250 
998 
978 
956 
921 
856 

117 
117 
117 

R s t i o n a l  
delta-V 

(f srctioml 
transfer 

-1 

0.000 
0 .ooo 
0.000 
0 .ooo 
0.000 
0 .ooo 
0.000 
0 .ooo 
0.000 
0.000 
0.000 
0.000 
0.000 
0 .ooo 
0.000 
0 .DO0 
0.000 
0 .ooo 
0.000 
0.000 
0.000 
0 .ooo 
0.000 
0 .ooo 
0.000 
0 .ooo 
0.000 
0 .ooo 
0.000 

0.245 
0 3 5 0  
0.255 
0.265 
0.285 
0.981 

0.981 

0.978 

0 . 1 u  
0.117 
0.120 

o m  
0.980 

7 450 117 Oil24 -~ .___ 

7 500 117 0 3 3 3  
30 380 500 0.492 
30 400 500 0 5 0 1  
30 420 500 0.513 
30 450 500 0.532 
30 500 500 0.570 
58.8 400 978 0.981 

55.3 450 921 0.980 
51.4 500 856 0.978 

57.4 420 956 0.981 

Rac t ion  of &lt&V (Ma time) ncaded t o  ** Sepration: reactor t o  mission module. 

Altitude 

km 

380 
400 
4 20 
450 

500 
5 20 
540 
560 
580 
600 
620 
640 
660 
680 
700 
720 
740 
760 
780 
800 
820 
840 
860 

900 
950 

1000 
1088 

579 
594 
610 
636 
684 

1088 
1088 
1088 
1088 
1088 

482 
497 
513 
539 
585 
751 
765 
782 
809 
857 

1088 
1088 
1088 
1088 

reach 11 

4x1 

ern 

Incl in- 
at ion 
aeg 

57 .O 
57 .O 
57 .O 
57 .o 
57 .O 
57 .O - - 

- - - - 
61.0 

58.0 
58.0 
58.0 
58.0 
58.0 
61 .O 
61.0 
61 .O 
61.0 
61 .O 

57.4 
57 .I 
57.4 
57 .I 
57.4 
58.9 
58.9 
58.9 
58.9 
58.9 
61.0 
61.0 
61.0 
61.0 

.oo h. 

Orbital lifetine, years 
Mas Mgeon Face-on 

Solar act ivi ty  Solar act ivi ty  
High Nrminal High Noninal 

2. 8 0 1  
4 . 0 0 1  
5 . 8 0 1  
9.6E-1 

2 . m  
2.9EO 

1 . 6 ~ 0  

3 . 9 ~ 0  
5.28) 
6 . 9 ~ 0  
9.2EO 
1 . a  
1.6El 
2.1El 

(2.8E.l) 
(3.6El) 
(4.7El) 
( 6 . m )  
(7.8El) 
( l.OE2) 
(1.3E2) 
(1.6E2) 
(2.032) 
(2.532) 
(3.0E2) 
(3.7E2) 
(6.032) 
(9.232) 
(1.8E3) 

6.8EO 

1.1El 
1.5El 

(2.9El) 
( 1 . 8 5 )  
(1.8Q) 
(1.8E3) 
(1.8Q) 
( L E E 3 1  

1.6EO 

2.6EO 
3.8EO 
7.5EO 

(7.0El) 
(8.3El) 
(1.OE2) 
(1.4E2) 
(2.4E2) 
(1.8E3) 
( 1 . 8 5 )  
(1.8E3) 
(1.8E3) 

8 . m  

2 . 0 ~ 1  

(4.5Eil) 
(6.9E-1) 

(1.9eO) 
(3.2EO) 

(6.68)) 
(9.3Eo) 
(1.3El) 
(1.8Ell 
(2.5El) 
(3.4El) 
(4.6El) 
(6.2El) 
8.3E.l 
1.- 
1.5E2 
1.9E2 
2.5E2 
3 . m  
4 . 0 s  
4.9E2 
6.1E2 
7 .SET 
9.1E2 
1.m 
1 . 7 5  
2.4E3 
4 . m  

(1.8El) 
(2.3E.l) 
(2.9E.l) 
(4.3E1) 
8.8E.l 
4.m 
4 . m  
4 . m  
4.m 
4 . 2 5  

(3.4EO) 

(9.2m) 
(2.0E.l) 
2.232 
2.6E2 
3.2E2 
4.4Ez 
7.3E2 
4.m 
4 . 2 5  
4 . 2 5  
4.m 

(i.om) 

~ 4 . 6 ~ 0 )  

(4 .4~0)  
(5.9Eo) 

2 .802  
4 . 0 0 2  
5 . 8 0 2  
9 . 6 0 2  
1.6E-1 
2 . 1 0 1  
2 . 9 5 1  
3 .901  
5 . 2 0 1  
6 . 9 0 1  
9 . 2 0 1  
1.m 
1.6EO 
2 . m  
2 . 8 ~ 0  
3 . 6 ~ 0  
4.78) 
6 . l m  
7.8EO 
1.oEl 
1.3El 
1.6El 
2.0El 

(2.5El) 
(3.0E.l) 
(3.7El) 
(6.0El) 
(9.2El) 
(1.832) 

6 . 8 0 1  
8 . 5 0 1  
u r n  
i s m  
2.98) 

(1.8E2) 
(1.8E2) 
( 1.8E2) 
(1.8E2) 
(1.8E2) 

1 . 6 0 1  
2 . 0 0 1  
2 . 6 0 1  
3 . 8 0 1  
7 . 5 0 1  

8.3EO 
l.oE.l 
1.4U 

(2.4E1) 
(1.8E2) 
(1.8E2) 
(1.8E2) 
(1.8E2) 

7 . 0 ~ 0  

(4.502) 
(6 .902)  
(1.001) 
(1.9E-1) 
(3.2011 
(4 .601)  
(6.601) 
(9 .301)  
(1.3EO) 
(1.8EO) 
(2.5EO) 

( 6 . W )  

(1.1El) 
(1.5El) 
(1.9E.l) 
(2.5El) 
( 3 . m )  
(4.0El) 
(4.9El) 
(6.1El) 
7 . 5 a  
9.lEl 
l.M 
1.7E2 
2.432 
4.m 

( 3 . 4 ~ )  
(4 .6~0)  

(8 .3~0)  

(i.8Eo) 
(2.3~0) 
(2 .9~0)  
(4.3eo) 
(8.8EO) 
4 . m  
4.m 
4.m 
4.m 
4.m 

(3 .401)  
(4 .401)  
(5.951) 
(9 .201)  

( 2 . m )  
(2.6E.l) 
(3.2El) 
(4.4El) 
7.3m 
4.m 
4.m 
4.232 
4.2E2 

(2 .0~0)  

*sestd 
value a t  

sepration** = 
25 m 40 m 

2 .802  5 . 1 0 2  
4 . 0 0 2  8 . 3 6 2  
5 . 8 0 2  1 . 4 0 1  
9 . 6 0 2  2.8E-1 
1 . 6 0 1  5 . 8 0 1  
2.U-1 8 . 7 0 1  
2 . 9 0 1  1.4EO 
3 . 9 0 1  2 . M  
5 . 2 0 1  3.18) 
6 . 9 0 1  4.5EO 
9 . 2 0 1  6.58) 
1.m 9. lm 
1.6EO 1.3El 
2 . M  1.7El 

3.6EO l.m 
4.7EO 1.5E2 
6 . lm 1.932 
7.8EO 2.532 
1.oEl 3 . m  
1.3El 4.032 
1.6El 4.9E2 
2.0U 6.132 
7.5El 7.5E2 
9.1El 9.1Ez 
1.132 1.15 
1.7E2 1.7E3 
2.4E2 2 . 4 5  
4 . m  4 . m  

8 . 5 0 1  6.0EO 

1.5EO 1 . a  

4.m 4.2Q 
4.m 4.m 
4.m 4.m 
4.m 4.m 
4.m 4 . m  

1 . 6 0 1  5 . 9 5 1  
2 . 0 0 1  8 .301  
2 . 6 0 1  1.28) 
3 . 8 0 1  2.0EO 
7 . 5 0 1  4.9EO 

2 . 8 ~ 0  7 . 9 ~ 2  

6 . 8 0 1  4 . 5 ~ 0  

1.1~0 8.om 

2 . 9 ~ 0  8 . m  

7 . 0 ~ 0  2 . m  
8 . 3 ~ 0  2.632 
1.OEl 3.232 
1.4El 4.432 
7.3El 7.3E2 
4.m 4 . 2 5  
4.232 4.m 
4 . m  4.m 
4.2EZ 4 . m  
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Figure 2. Orbital Lifetime of Deployed SBR vs Altitude 
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Orbital lifetimes were calculated for two cases: 

Case 1. &m-on. 90 deg axqle of attack. 

SBR radar antenna (32 x 64 m) and main radiator 
(160 m2) perpendicular t o  orbital  velocity vector: pcojected 
area = 32 x 64 + 160 = 2208 d ,  This is' slightly over-conserva- 
tive since w i t h  the current amfigurathns antenna and radiator 
cannot sinultaneously be perperdicular t o  the  velocity vector. 

Case 0. Near edge-n. 6 deg averwe angle of at tzck.  

Projected area td ten  as 0.1 * t ha t  of the f-n 
case. (sin 6' a 0.1) 

The attitude the spcecraft would assune i f  active at t i tudz 
were off was estimated. Reference (c) and conversation with 
T. Kia indicate that a t  high a l t i tudes ,  Where the greatest exter- 
nal.torque is due t o  gravity gradient, our 300 kWe rcitl-out f la t  
plate  configuration w i l l  tend t o  orient with the long axis of the 
radar antenna vertical and the ban axis along the orbital  velo- 
c i ty  vector. Conversation with L. Jaffe of JPL hdiatted tha t  a t  
low a l t i t udes ,  where the greatest external torque is due t o  
atmosMeric d r q ,  the  boan axis w i l l  again terd t o  align with the  
orbital  velocity vector. The spacecraft w i l l  osci l la te  a b u t  
these stable orientations but t o  be conservative I suggest as- 
slpning that the toan axis is plrallel t o  the orbital  velocity 
vector (radar antenna fac-n). 

Kia points out (refer- c) that by lengthening the ban t o  
increase the reactor+o-antenna distance t o  40 meters, from our 
strawman 25 meters, the m n t s  of inertia can be changed so that 
the stable configuration under gravity gradient torque beccmes 
boan axis vertical, long axis of antenna along the velocity 
vector. lhis spacecraft w i l l  then oscillate about an d w n  
a t t i tude  of the antenna and its orbital l i f e t i m e  a t  the higher 
a l t i tudes  w i l l  increase considerably. We have not examined the 
effects on the spcecraf t  of increasing the  separation t o  40 
meters, but I think they would be acceptable. 

It should be noted that Kia's calculations are for the  roll- 
out f la t  plate 300 kWe configuration. lhe sepra t ion  distance a t  
which the axis of minimam mrment of iner t ia  changes deprx3s on 
the configuration. Por the 300 kwe daisy, it will be shorter 
than for the f la t  plate. 
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III Table 1, I suggest lifetimes for both 25- and 4(kn bo-. 
Ihe values for 25 meters are for f-n. The values for 40 
meters are based on averages of the face-on and neadge-on  
projected areas, weighted by estimated relative magnitudes of the 
gravity gradient and aerodynamic torques a t  each a l t i tude .  These 
torques were taken from reference (d) i the aerodynamic torques 
were scaled by atmoqheric density. 

S R  D F w  a o ~ F I c I ~  
Taken as 2.86, themean of estimates received fran L+C 

(J. Heller) and JPL (L. Jaffe) for a flat plate in  the free 
molecular flow regire. 

s3R plxPmsIoN ~ E K I S P I C S  
TW cases: 

NH3 arc jets 
Xe ion thrusters 

(xlr selected S ~ X M K ~ ~  for electric propdsion uses  NH3 am 
jets; ion thrusters are shown for canprison only. Propulsion 
system performance and mass characteristics were tdten fran Jaffe 
and Fujita (ref. 1). Ihe specific inpulse values chosen e r e  
those designated as "law t o  medium risk for the tine period 1 9 9 5  
2000, namely 1000 lbf-s/lhn for arc jets and 3000 for b n  thms- 
ters. 

Five cases: a t i t u d e s  of 380, 4001 4208 4508 and 450 )an, all 
circular, 570 inclination. 

These are taken t o  be representative of possible orbits for 
SER spacecraft assembly. An a l t i t u d e  of a b u t  400 km is the 
minimm~ needed t o  pruvide l-year orbital life for canponents of 
the spacecraft parked in orbit during a s s a y ,  during the rrulti- 
ple Shuttle sorties needed (L. Jaffe, ref. 2).  The orbit might 
decay to  a b u t  380 km during the assembly proaess. Other alti- 
tudes were run t o  explore s d s t i v i t y .  57 deg inclination is 
the maximrm allowable for a Cape Gmaveral larnch. (Van&nberg 
launchs give poorer performance.) 

OPENWDNAL -IT 

Taken as 1088 km circular a t  61' inclination. LFncoln 
Laboratories study gave 1100 km as mission requirement. 
Strawman orbital a l t i t u d e  in current SP-100 system stu@ is 
1088 km, selected as being mre stable un&r perturbing forces 
than t he  slightly higher 1100 kn. (Uphoff, ref 3 ) .  

QRSITAL "S53 TIME To 1100 b 

Total transfer times fran initial circular orbits a t  420 and 
450 lan t o  circular orbit a t  1100 lan *re cdlculated by W. Gray 
(ref. 4) under the above assunptions. Times fran other altitudes 
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were derived by extrapolation. 
AN) INCLIWTION VS. DRX'AV 

Altitude and inclination during trander fran initial 500 km 
orbit t o  1100 km circular orbit were t abu la t ed  by R. Beatty 
(ref. 5 )  as functions of propulsion velocity increment (delteV) . 
Extrapolated to  give delta-V fromother i n i t i a l  a l t i t u d e s  (cubic 
spline f i t )  . 
AWITUDE AN) INSINATION VS. BIIRN TIM 

Joan Boudreau (Us A l m s )  gave operational tires for which 

specified longer periods. These tines were cowertd t o  frac- 
tions of the total transfer time t o  1100 Ian. Cbrresponding 
fractional delta-V's were taken as equal t o  the fractional trans- 
fer times. (!&is approxirrration is reasonable since the sopel -  
lant mass is small c a p r e d  to  the dry mass of the spcecraft) . 
Corresponding altitudes and inclinations =re then okained by 
interpolation (cubic spline f i t )  in the tables of fractional 
delta-Vs (= fractional transfer times) vs. altitude and inclina- 
tion for each initial a l t i tude .  Inclination vs. burn tine during 
transfer from other altitudes was taken as the same as for trans- 
fer fran 500 km. 

She has cdlCUhted KadioaCtiVity build+p aS 7, 30, 6 1  days and 

ORBITAL TRWSFER TIM3 To 1088 lan 

Transfer t h s  fran ini t ia l  circular orbits t o  circular 
orbit a t  1088 km were obtained by interpolation in the tables of 
fractional transfer time vs. a l t i t u d e .  The times to  reach 1088 
km are shown i n  Table 1. 

Orbital l i fe t ims were cdlculatd for the a l t i tudes  attained 
after burn times of 7 and 30 days and for the initial and opera- 
tional altitudes, using the assunptions s t a t d  above and tables 
by ernran (ref . 6) . These tables give, as a function of alti- 
tude, the ratio of orbital lifetime t o  ballistic coefficient. 
(The ballistic coefficient is the ratio of the mass t o  the ~ 0 -  
duct of the area and the drag coefficient.) German's tables were 
generated fran a model of Kwok (ref. 7) and form the basis for 
the report by G e m  and Friedlander ( r d .  8). They cwer t w o  

naninal solar activity, 
2-signa high solar activity, 

over the altitude range 283 t o  1586 km. A quadratic spline f i t  
t o  the logarithm of the lifetime was used for interpolation t o  
the desired altitudes. 

cases 8 

The attached table lists values of orbital lifetine for ea=h 
burn time and initial orbit, covering the 2 choices of Fojected 
area (edge-on and face-on) and 2 states of s d a r  activity (high 
and naninal). %e approFiate choice of solar activity depends 
on the orbital lifetime as caTlpared t o  the ll-year length of a 
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solar cycle. Por lifetimes shorter than two salar cycles, I 
consider high solar activity appropiate as a worst case; for 
longer lifetimes the atmoslfieric density should be averwed over 
the solar cycles; I take the model for naninal solar activity t o  
be appropriate. In  the table, values for  the salar activity 
level considered mre appropiate for each spacecraft a t t i tude 
are shown w i t h o u t  parentheses; those for the salar activity level 
considered less appropiate are sham in prentheses. 

The tabulated lifetimes for edge-on attitude are  10  x those 
for face-on. As explained under "@aceaaft att i tude and go- 
jected area", the expected attitude without active attitude COR- 
trol  is face-on for a reactor to-rahr  antenna seprat ion dis- 
tance of 25 m (ow current strawman design) . If the seprat ion 
distance is increased t o  40 m, the expected attitude muld be 
near edge-on for high altitudes and face-on for low altitudes. 
l h e  last  c o l m s  of the table give corresponding lifetime values, 
under the heding "Suggested value". Lifetimes for 4 h  separit 
t i on  use weighted average projected areas as explained in the 
section "Spacecraft attitude and projected area". 

The horizontal jog i n  the curves of Figure 2 occurs when 
they cross 22 years (2 solar cycles) and the solar activity 
ass& for the atmos@eric -1 charges fran 2-sigma high t o  
nanhal. lhis is reflected by the choice of colunns in Table 1, 
indicated by the parentheses. 

1) L. Jaffe and T. Fujita, JPL, "Electric propulsion charcctep 
istics," IOM 313.1.86-15 t o  SaAT, 1 2  June 1986. 

2) L. Jaffe, JPL, "Minimdl a l t i t u d z  and orbital decay rate 

3) C. Uphoff, JPL, wPreliminary assessnent of perturbations for 
SPlOO orbit", IOM 21/85.2-955 t o  R. Jones, 12 Mil 1985. 

during a~~emhly", IOM 313.1-86-036 t o  SWT, August 4, 1986. 

4) w.  ray, m, "SER perforrrranoe for SER and OIV applica- 
tions," IOM 311.3-1631 t o  L. Jaffe, 25 June 1986. 

5) R. Batty,  JPL, "Alti tude and inclination as a function of 
the', IOM t o  L. Jaffe, 18 March 1986. 

6) D. G e m  and A. F r e i d l e r ,  Scienoe Applications Intema- 
tional, 'Mclear safe orbit  raising analysis", report SUC- 
85/1911 on JPL contract 956817, "&r 1985. 

7) J. H. Kwok, JPL, "Drag effect on l i f e t i m e  of high altitude 
spacecraft" IC#! 31u83.2-689 t o  R. A. Wallace, 7 mil 1983. 
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E-8. SCENARIO USING CHEMICAL PLUS ELECTRIC PROPULSION FOR 
TRANSFER FROM ASSEMBLY ORBIT TO OPERATIONAL ORBIT 

J. Heller 
H. Bloomf i e l d  

August 1986 
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A Shuttle/OMV Scenario for Orbit Placement 
of an SP-100 Powered Space Based Radar 

A. Initial Condi tions/Assumptions : 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

SRB's mission is in a circular orbit @ 610 inclination at 1080 km. 

SRB consists of basically 4 separate quadrants of stowed flat 
antennae, a pair of which can be packed into the Shuttle bay and 
weigh no more than 21,000 kg per pair. The size and mass of the 
antennae will have to be reduced to meet STS cargo mass limitations. 

At the time of IOC of the SRB the STS will be improved to have a 
cargo delivery capability of over 22,000 kg @ 57 0 inclination at 
278 km (150 n.mi). 

Assume OMV characteristics of the MSFC reference design: 

Fully loaded 5900 kg (incl 100 kg ASE) 
Fuel = 3200 kg bi prop. 

Assume a 300 kWe SP-100 mass of 9900 kg., including boom and power 
conditioning. 

From MSFC data the present reference design OMV can raise a 54,500 kg 
payload to over 250 km and de-orbit empty to 200 km. 

700 km is the minimum acceptable altitude at which the nuclear power 
system can be started. 

B. Proposed procedure for SBR assembly and insertion into final mission orbit: 

Shuttle Flt. #1 delivers a pair of folded antennae quadrants to 
278 km at a 570 inclination and removed from the cargo bay by the 
RMS arm. 

Shuttle Flt. #2 delivers the remaining pair of antennae quadrants to 
278 km and the pairs of quadrants are joined by the RMS and minimal 
EVA. To be determined are small orbit maintenance thruster systems 
to account for long periods between Shuttle launches. 

Shuttle Flt. #3  delivers the 300 kWe SP-100 reactor power system 
(SRPS), any auxillary SBR equipment and two fully-loaded OMV's to the 
278 km staging orbit @ 570 inclination. (Total mass~21,700 kg). 

The SBR antenna is fully deployed and the balance of SBR equipment 
assembled and checked out. The SP-100 is then fully deployed and 
attached to the SBR planar antennae array. 
then employed to raise the orbit of the entire structure of about 
58,600 kg to 475 km orbit. It appears cost-effective to upgrade the 
performance of special OMV's in order to greatly reduce the number of 
Shuttle flights from 5 or 6 to 3. 

One fully loaded OMV is 
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5. A t  475 km orb i t  the f i r s t  OMV returns t o  the Shuttle empty, and the 
second f u l l  OMV ra ises  the package t o  the "minimum reactor start" 
a l t i tude  of 700 km. The second OMV returns empty t o  the Shuttle. 

6. A t  700 km the reactor power system is f u l l y  checked out and s tar ted 
e i ther  from controls i n  the Shuttle or a ground station. The SBR, 
now w i t h  h i g h  power, can also be checked out. The SBR is then placed 
i n  f i n a l  o rb i t  (3 610 and 1080 km, employing e l ec t r i c  thrusters t o  
a t t a i n  i t s  operational orbi t .  The mass o f  a minimum-size e l ec t r i c  
thruster  system will have t o  be factored into the t o t a l  scenario t o  
m a i n t a i n  the 3 shut t le  SBR launch concept. 
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B-9. TEMPERATURE CONTROL DURING EXTENDED ORBITAL STORAGE 

P. Bhandari 
C. Cagle 

J. Stallkamp 

June-July 1986 
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JET PROPULSION LABORATORY INTEROFFICE MEMORANDUM 

3546-TSE-86-121 

June 18, 1986 

TO: Len J a f f e  

FROM : Pradeep Bhandari 

SUBJECT : Effect of Solar Absorptance of the MLI Blanket on the Power 
Conditioning Module Temperatures i n  Storage O r b i t  

INTRODUCTION 

This memo is  an extension of Cathy Cagle's memo (IOM U3546-SP100-86-003, 
"SP100 Space-Based-Radar in Orbital Storage"). A copy of t h e  memo i s  attached 
f o r  reference.  

The results of f u r t h e r  thermal analyses of the power conditioning module ( P C C )  
and i t s  r a d i a t o r s  i n  an extended storage o r b i t  (450 km) a re  presented here. 

SOLAR ABSORPTANCE OF MLI BLANKET 

In the  s torage o r b i t ,  Cathy's calculation showed t h a t  t h e  blanketed PCC's 
temperature would l i e  i n  the range of -70 t o  -3OoC, i f  no heater i s  avai lable .  
I t  was a l s o  found t h a t  a heater power of 100 t o  160 watts would be required t o  
ensure t h a t  the  PCC temperature is  control lable  a t  0 t o  10°C. The s o l a r  
absorptance of the  MLI blanket assumed i n  her analysis  was 0.2 ( the  IR 
absorptance assumed is  0.8). 

In order t o  e l iminate  o r  reduce the heater power requirements, th is  thermal 
analyses was performed t o  study the e f f e c t  of the  MLI s o l a r  absorptance on the  
PCC temperatures. A1 1 the previous assumptions and cal cul a t  i on procedures 
were ret a i  ned excepting the Val ue of the sol a r  absorptance. 

RESULTS 

Parametric computer model runs were made. The s o l a r  absorptance was varied 
from 0.2 t o  0.8. The c r i t e r i a  f o r  the choice of the r i g h t  absorptance were 
t h e  hottest  o r b i t  temperatures a t  zero heater power. The maximum absorptance 
a t  which this temperature was reasonable (- 2OoC) was found t o  be 0.7.  A t  
t h i s  value of absorptance, the  coldest  o rb i t  temperature is  calculated t o  be 
equal t o  -24OC (zero heater power). 

According t o  John S t a l l  kamp, a s a f e  temperature range for the non-operational 
PCC ( i n  s torage)  is  -50 t o  t l O O ° C .  Hence, the above configuration, w i t h  an 
MLI solar absorptance of 0.7, would be well w i t h i n  this allowed range. 

Figure 1 shows p i c t o r i a l l y  the expected range of t h e  PCC temperatures a t  
various hea ter  power l e v e l s ,  assuming an absorptance of 0.7. 

In Cathy's ca lcu la t ion ,  i t  was assumed t h a t  f o r  any o r b i t  (hot o r  co ld) ,  
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Len J a f f e  2 June 19, 1986 

because o f  the l a r g e  thermal mass of the system (PCC) and r e l a t i v e l y  low hea t  
t r a n s f e r  rates, t h e  hea t  l oads  ( o r  l o s s e s )  could be averaged over  the whole 
o r b i t .  In o t h e r  words, the PCC temperature would no t  vary  t o o  much w i t h i n  
each o r b i t ,  due t o  varying hea t  l oads  ( o r  l o s s e s ) .  A t r a n s i e n t  ana lyses  was 
done t o  v e r i f y  t h i s .  The PCC mass was provided by John Stal lkamp.  A 50 kg 
mass was used i n  the a n a l y s i s .  The temperature f l u c t u a t i o n  wi th in  an o r b i t  
turns o u t  t o  be on t h e  o r d e r  of  3 - 4 O C ,  which  i s  q u i t e  smal l .  Th i s  ver i f ies  
the v a l i d i t y  o f  t h a t  assumption. 

CONCLUSIONS 

A s o l a r  absorptance o f  0.7 f o r  the MLI b lanket  will suffice t o  keep the PCC 
temperatures  ( i n  the s t o r a g e  o r b i t )  i n  the range o f  -24  t o  t22Oc. No h e a t e r  
power i s  requi red  t o  achieve this. 

A t r a n s i e n t  thermal a n a l y s i s  verifies the assumption o f  us ing  average hea t  
l oads  within each o r b i t .  

c t  

DISTRIBUTION: 
E.  Chow 
R.  Ewe11 
T. F u j i t a  
M .  Grossman 
T.  Kia 
R. Manvi 
W .  Menard/B. Wada 
B. Nesmith 
3. Stallkamp 
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J .  S t u l t z  
L. White 
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JET PROPULSION LABORATORY INTEROFFICE HEMORANDUM 

3546-SP100-86-003 

April 30, 1986 

TO : Len Jaffe 

FROM : Cathy Cagle & 

SUBJECT : SPlOO Space-Based Radar in Orbital Storage 

INTRODUCTION 

This memo presents the results of thermal analyses of the power conditioning 
module and its radiators in extended orbital storage for the SPlOO Space-Based 
Radar (SBR) mission. 

The configurations studied include the power conditioning module, the shunt 
and electronics radiators, and the radar antenna at a "storage" altitude of 
450 km, and an "operational" altitude of 1088 km. 

STORAGE ORBIT 

AssumDtions: The SBR antenna, power conditioning module and space reactor 
power system (SRPS) are brought to a 450 km circular orbit by the Shuttle and 
assembled, where they remain in orbital storage until the Shuttle returns with 
the Centaur and propellant. It was assumed that during this period there is no 
attitude control and the system is tumbling as it orbits the Earth. The 
antenna is stowed and the ends of the exposed power conditioning module are 
blanketed with multilayer insulation (MLI), as shown in Figure 1. 

Two cases were studied; the shunt and electronics radiators were modeled as 
both blanketed and unblanketed with MLI while in orbital storage. Because the 
orientation with respect to the Earth and sun is randomly changing, a worst 
case cold orbit and a worst case hot orbit were studied for each case to 
bracket the predicted temperatures. 

The major assumptions made in this analysis are: 

1. Orbital altitude - 450 km. 
2. Shunt and electronics radiators modeled as a single black 

radiator, € 1 ~  - as - .85  

3. Effective emissivity through MLI, teff, is .02 

4. Antenna and SRPS stowed 

5. No attitude control (tumbling) 

6 .  Shunt radiator sized for a 300 kW configuration 
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Results; Figure 2 shows the bracketed radiator temperatures for a blanketed 
and unblanketed radiator as a function of heater power added to the radiator. 
It can be seen that blanketing the radiator insulates it from changing 
surroundings and the difference between the hottest conditions and the coldest 
conditions is significantly smaller than for the unblanketed radiator. 

The results also show that adding as much as 300 watts in heater power does 
not significantly affect the unblanketed radiator temperature bedause the heat 
is radiated into space. The blanketed radiator, however, can be more 
effectively controlled with a heater and it is shown that approximately 100 to 
160 watts, depending on the desired radiator temperature, is required. 

OPERATIONAL ORBIT 

AssumDtions; After the Centaur is attached to the system and the propellant is 
loaded, the assembly is boosted to an operational orbit of 1088 lan. Before the 
SRPS radiator is deployed and the system is powered, the Centaur is released 
and the SBR antenna is deployed. Figure 3 illustrates this configuration. 

It was assumed that there is attitude control in this orbit, and the system is 
nadir-pointed. The MLI on the radiators is removed before the system is 
boosted to 1088km. The SBR antenna is deployed and two cases were considered: 
the SBR antenna's solar absorptivity was assumed to be both . 8  and . 2  . The 
major assuptions are summarized: 

1. Orbital altitude - 1088 km. 
2. Shunt and electronics radiators modeled as a single black 

radiator, € 1 ~  - as - .85  

3. Effective emissivity through MLI, teff, is .02 

4. SRPS stowed 

5. Attitude control; nadir-pointed 

6. Shunt radiator sized for a 300 kW configuration 

pesults; Figure 4 shows the results of changing the SBR antenna's solar 
absorptivity. The higher as results in a warmer antenna, which increases the 
loads to the radiators. The 100 to 160 watts of heater power required in the 
450 lan orbit provides adequate heating in the 1088 lan orbit if the antenna's 
as - . 8  . If the antenna's as = . 2 ,  at least 300 watts are required to 
maintain temperatures above OOC. 

CONCLUSIONS/RECOMMENDATIONS 

It is recommended that the shunt and electronics radiators be insulated with 
MLI while in the 450 km storage orbit and approximately 100 to 160 watts of 
heater power used to maintain temperatures above O°C. Radioisotope heater 
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units (RHUS) are well suited for this application and should be considered in 
future studies. After loading the propellant the MLI will be removed and the 
system boosted into the operational orbit of 1088 km. 

The SBR antenna exchanges energy with the radiators, and the use of a high 
solar absorptivity surface coating on the antenna should be encouraged. This 
will increase the antenna temperature and the load to the radiators and thus 
keep the required heater power to a minimum. 

It is suggested that the possibilites of decreasing the operating and 
non-operating temperatures for the electronics, batteries, etc. be explored, 
as lower qualification temperatures result in lower heater power requirements. 

pis tr ibut ion : 

P. Bhandari 
E. Chow 
R. Ewe11 
T. Fujita 
R. Manvi 
W. Menard/B. Wada 
B. Nesmith 
J. Stallkamp 
J. Stevens 
J. Stultz 

B-76 

~ 



H 

\ 
Y 

B-77 





SP- IO0 
SBR MISSIOEJ 

Figure 3 
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J E T  PROPULSION LABORATORY 

TO: L. Jaf f e 

FROM: J. Stallkamp 

INTEROFFICE MEMORANDUM 
#342-86-E-068 

J u l y  7, 1986 

SUBJECT: On-Orbit Temperad$e L i m i t s  f o r  Electronic P a r t s  

MIL-spec ra ted  e l e c t r o n i c  par t s  a r e  routinely t e s t e d  f o r  operat ing parameters 
a t  -55OC. I n  i n d i v i d u a l  c a s e s  turn-on t r a n s i e n t s  may have t o  be c o n t r o l l e d  
and c i r c u i t s  may not perform a t  the extreme temperature a s  spec i f ied  f o r  use 
on the  normal temperature ranges. 

Typical JPL  Type Approval temperature limits a r e  -25OC t o  +75OC, and typica l  
F l i g h t  Acceptance values a r e  00 t o  55% 

It is concluded t h a t  on-orbit s torage a t  temperatures between -25OC and OOC is 
not l i k e l y  t o  present signif  ican t  problems. 

JS:eh 

cc: J. Klein 
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B-10. ATTITUDE CONTROL 

T. Kia 
J.T. Spanes 

February-August 1986 

Sections of the attached documents that do not pertain to the radar 
mission have been omitted. 



TO: L. Jaffe 

INTEROFFICE MEMORANDUM 

343 - 86 - 1170 

Aug. 12, 1986 

FROM: T. Kia 

SUBJECT: SP-100 Orientation using Passive Gravity Gradient 
Stabi 1 ization, revisited 

REFERENCES: Ria, T. "sp-100 Orientation Using Passive Gravity 
Gradient Stabilization," IOM 343 -86- 1129, Aug. 6,1986 

A s  a result the S F ' - - l i N i S E R  p r e f  err -ec i  u r i e q t a t i o n  ur-,der g r a v i  t.y 
g r - a d i e n t  w i  i 1 ciiarigp as f c*l l o w s :  

a) T h e  boom a x i s  w i i . 1  be a l o n g  the v e l o c i t y  vector-. T h a t  is 
t a n g e n t  t o  the  o r b i t .  

tjj T h e  l o n g  a x i s  US' t h e  antenna w i l l  be p a r e i l l e l  t c i  the nad i t - -  
d i  t - ec t i  o n .  

S i n c e  t h i s  i s  a n u l l .  y r a v ; . t y  g r a d i e n t ,  o r i e n t a t i o n ,  it w i 1 3 .  c:acic.e 
o n l y  a n ; i n c ) r  ai-.t: i tude rc:; . i t , r-ol .  pr-oblem. An e, t i  ve ccmtY.oi s jys . - .en i  
can ke:p t h e  5pa.recraft: i n  t h e  desired o t - . i e r i t a t . i c !n .  :he d e s i r . e d  
or i e n t . a t  i o n  i CI; d u f  i. n e d  G . S ,  
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ALLfl_C_H_ME_NL -I 

Moment o f  I n e r t i a s  fo r  the SBR 

MR = 8774 Kg. 

Mg = 9X(25 - 7.7)  = 155.7 

MS = 700+250+25(:)+522 

= 1722 Kg. 

Mp = 42272 Kg. 

X 

Y 7’ Z 

1 A- 64m 
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I V Y  = I R Y  + I B Y  + I S Y  + I P Y  

3 M~[7.72/12 + (25-3.85+6.0995121 

+ MBC (25-7.712 + 6.121 

+ Ms[ (4.5/212/4 + 5.12/3 + 0.921 

+ Mp[322/12 + (6.8+1.3+3.8-6.11 21 

= 1. lbb28x107 Kg. m 2  

B-86 



SP- 100 ATT I TUDE cmma 

J. T, SPANOS 

SYSTEMS DESIGN PND 
I NTEGRAT I ON STATUS 
REV IEW 

FEBRUARY 11, 1986 
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AGENDA 

o MISS ION REQU IREMENTS 

o 

o STRUCTURAL FLEXIB IL ITY 

o 

D I STURBANCE ENV I RONMENT 

A/C ACTUAT ION AND SENS ING 

0 PLANS 
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9 
A, EXTERNAL 

o AERODYNAMIC DRAG 

o GRAVITY GRADIENT 

o MAGNETIC FIELD 

o S a m  PRESSURE 

B, INTERNAL 

o 

0 

0 FUEL SLOSH 

STRUCTURAL FLEX I B I L I TY 

PROPULS I ON MASS LOSS 

o THRUST MISA IGNMENTS 

O ON-BOARD MOVING PARTS 
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0 

0 

MOMENTUM WHEELS VERSUS ION THRUSTERS 

-UNLOAD I NG REQU I RED 

-NO PROPELLANT CONSUMPT I ON -CONSUME PROPELLANT 

-NO UNLOAD I NG 

ACS CONF I GURAT I ON OPT IONS 

1 a THREE REACT ION WHEELS (RW) 

-FI NE CONTROL 

-LOW TORQUES (1  N-M) 

2, THREE CONTRa MOMENT GYROS (CMG) 

-COARSE CONTROL 

-HIGH TORQUES (5000 N-M) 

3 a  HYBRID CONTROL (CMG'S & RW'S) 

4 a THRUSTER SYSTEM (STRATEG I CALLY LOCATED AND/OR G I MBALLED) 
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o HOR IZON SENSOR MEASURING ROLL PND PITCH 

o THREE AXIS INTERTIN REFERENCE UNIT (GYROS) 

o THIRD AXIS IS CALIBRATED: 

-THROUGH ORB I TAL GY RO-COMPASS I NG 

-USING STAR SENSOR 
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ORIGINAL; PAGE IS 
OF POOR QUALITY 

JET PROPULSIOU LI IUTEROFFICE UEHORAUDUH 

343 - 86 - 545 

A p r ,  16 ,  1986 

FRO#: T ,  Kia 

SUBJECTS I n i t i a l  Concepts  for SP-100 A t t i t u d e  Con t ro l  on S t a t i o n  

T h i s  n o t e  i s  i n  response t o  the A c t i o n  I t e m  Wo, 3Sa. I n  it a 
c o n c e p t s  f o r  the on s t a t i o n  a t t i t u d e  c o n t r o l  o f  the SP-100 f o r  
t w o  possible m i s s i o n s ,  the O r b i t a l  T r a n s f e r  V e h i c l e  (OTV) rnd the 
Space Based Radar ISBR) are p r e s e n t e d ,  

T h e  SBR c o n f i g u r a t i o n  c o n s i s t s  o f  a large  (328 X 648) radar 
ar ray  a t tached  t o  the end o f  long  boom, T h i s  o r b i t a l  a l t i t u d e  f o r  
t h i s  m i i s i o n  i s  l l 0 0 k m  and the i n c l i n a t i o n  is 610 ,  T h e  SP-100 
r e a c t o r  and the r a d i a t o r  a r e  a t t a c h e d  t o  the other end o f  the 
bo08 0 

OTV on the other hand c o n s i s t s  o f  a cargo  bay i n  p l a c e  o f  the 
radar a r r a y ,  During the normal o p e r a t i o n s ,  the OTV w i l l  be i n  
t r a n s i e n t  between two known o r b i t s ,  B u t  before any g i v e n  m i s s i o n  
it may spend long  p e r i o d s  o f  t i m e  i n  park ing ,  or w a i t i n g ,  o r b i t s ,  
T h i s  memo a d d r e s s e r  o n l y  the a t t i t u d e  o p e r a t i o n s  for those 
per iods .  

T h e  f o l l o w i n g  f u n c t i o n s  a r e  t o  be performed b y  the s / c  on the 
s t a t i o n :  

1 )  P o i n t  payload t o  any d i r e c t i o n  t o  w i t h i n  the r e q u i r e d  
knowledge and s t a b i l i t y ,  SBR p r y l o a d  is n a d i r  p o i n t e d ,  Hhile, 
on s t a t i o n ,  OTV payload i s  assumed t o  p o i n t  t o  n a d i r ,  

2 )  Provide 3 a x e s  c o n t r o l  on t h e  s t a t i o n ,  

3) Provide  antenna p o i n t i n g  towards  Earth and /or  TDRSS 
s a t e l l i t e .  

41 Provide yaw a n g l e  t r a c k i n g  c a p a b i l i t y ,  

The t i g h t e s t  p o i n t i n g  requ i remen t  i s  due t o  the Space Based 
Radar CSBRI- SBR requires p o i n t i n g  accuracy  o f  20.2 d e g r e e s ,  T h e  
yaw axis should t r a c k  13.5 d e g r e e  s inewave  w i t h  a p e r i o d  equal  
t o  the o r b i t a l  p e r i o d ,  T h e  s t a b i l i t y  r equ i remen t  i s  TBV,  
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OF POOR gU.4LITY 

OTV's on s t a t i o n  p o i n t i n g  accuracy on the other hand, i s  very  
c o a r s e -  On s t a t i o n  OTV h a s  t w o  modes o f  o p e r a t i o n ,  park ing  and 
d o c k i n g ,  I n  the park ing  mode o f  opera t ion  , accuracy requ i remen t  
i s  5 degrees- During the docking  o p e r a t i o n  OTV a t t i t u d e  c o n t r o l  
s y s t e m  shou ld  be capab le  o f  main ta in ing  a t t i t u d e  t o  w i t h i n  0.5 
d e g r e e s ,  There  are no requ i remen t s  on the s t a b i l i t y  f o r  e i ther  
modes o f  o p e r a t i o n ,  

Antenna p o i n t i n g  r e q u i r e m e n t s  are TBV, 

A 3-axis s t a b i l i z e d  c o n t r o l  s y s t e m  i s  proposed f o r  both 
m i s s i o n s ,  F i g ,  1 ,  The primary at t i tude sensor  i s  the three a x i s  
I n e r t i a l  R e f e r e n c e  U n i t  i I R U 1  package, The  XRU package c o n s i s t s  
o f  redundant  g y r o s  and a c c e l e r o m e t e r s ,  A h o r i z o n  sensor  may be 
added f o r  the SBR m i s s i o n  t o  improve t h e  n a d i r  p o i n t i n g  
c a p a b i l i t y -  The primary a c t u a t o r s  are three s i n g l e  a x i s  c o n t r o l  
moment g y r o s ,  A l l  o f  these s e n s o r s  and a c t u a t o r s  are l o c a t e d  on 
the payload s i d e  o f  the s /c ,  Convent ional  PXV c o n t r o l l e r  mill 
probab ly  s u f f i c e  f o r  on s t a t i o n  requ i remen t s  o f  these m i s s i o n s ,  
Moment dumping i s  p e r f o r m e d  c o n t i n u o u s l y  u s i n g  the 
e l e c t r o m a g n e t i c  t o r q u e r s ,  F igure  2 shows a s i m p l i f i e d  block 
diagram for  such a closed l o o p  c o n t r o l  s y s t e m ,  

A I  ACTUATORS 

Because o f  the n a t u r e  o f  the  SP-100 r a d i a t i o n ,  all pay loads  are 
boom mountrd- The boom l e n g t h  i s  a t  l e a s t  25 meters, Such an 
structure m i l l  t e n d  t o  have  a s u b s t a n t i a l l y  s m a l l e r  moment o f  
i n e r t i a  i n  the a x i s  a long  t h e  boom, I n  o rb i t ,  about any  p l a n e t ,  
t h i s  s a t e l l i t e  m i l l  e x p e r i e n c e  a g r a v i t y  g r a d i e n t  force w h i c h  
t e n d s  t o  a l i g n  the boom a x i s  m i t h  the n a d i r  v e c t o r -  T h i s  t y p e  o f  
s t a b i l i z a t i o n  may be s u f f i c i e n t  for the OTV i n  the park ing  mode, 
but m i l l  n o t  be s u f f i c i e n t  f o r  the other OTV mode or for  the SBR 
m i s s i o n -  A c t u a t o r s  are needed t o  overcome the e x t e r n a l  t o r q u e s  
a c t i n g  upon the s p a c e c r a f t ,  and for p o i n t i n g  and t u r n i n g ,  the  
s p a c e c r a f t ,  Either momentum exchange or g a s  j e t  thrusters  c o u l d  
produce the r e q u i r e d  t o r q u e ,  Momentum compensat ion was selected 
f o r  f o l l o w i n g  reasons ,  

a1 t o  save  on p r o p e l l a n t  Consumption, and 
b1 t o  avoid  f i r i n g  o f  the arc-jet thrus ters  excessively- 

D i s t u r b a n c e s  t o r q u e s  a c t i n g  on t h e  s p a c e c r a f t  are as f o l l o w s r  

11 G r a v i t y  g r a d i e n t  t o r q u e ,  
21 S o l a r  Pressure, 
31 Aerodynamic d r a g ,  
41 I n t e r n a l l y  induced  t o r q u e s  such as f u e l  s losh e t c ,  
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The selected ac tuator  should have the c a p a b i l i t y  t o  overcome a l l  
o f  above d i s turbances ,  For the SP-100 c o n f i g u r a t i o n  under s t u d y ,  
g r a v i t y  gradien t  produces b y  f a r  t h e  l a r g e s t  d i s t u r b i n g  t o r q u e ,  
The  g r a v i t y  gradien t  torque  may be e s t i m a t e d  b y ,  

766 3 ( I i i  - I j j )  S i n ( 2  0 ) / ( 2  R 3 )  

where, 0 i s  the angle  between the boom a x i s  and t h e  nadir  
d i r e c t i o n ,  

I 81 SEUSURS 

Assuming a f l a t  (10m X 101) r a d i a t o r  panel separated by  a 2s 
meter boom from either the payload, the maximum torque  f o r  the 
OTV and f o r  the SBR miss ion  were c a l c u l a t e d ,  over 9 newton-meter 
and over 20 nemton-weter r e s p e c t i v e 1  y ,  React ion &eel i s  
incapable of producing such a l a r g e  t o r q u e ,  Control moment g y r o s  
(CHG) were selected because t h e y  a re  capable  o f  producing to rques  
i n  excess  o f  the requirement ,  

S ince  the CHG wheels  will s a t u r a t e ,  morentum durping .rill be 
required.  E l e c t r i c  t h r u s t e r s  may be used f o r  t h i s  p u r p o s e ,  b u t  
f o r  the same tw reasons  g iven  above, cont inuous  momentum dumping 
us ing  electromagnet ic  t o rquers  are recommended, I f  needed, a 
curren t  loop along the boor can prov ide  a d d i t i o n a l  t o rque  f o r  
dumping the womentum, 

Gyros i n  all a x i s  are needed t o  measure the a t t i t u d e  error r a t e s ,  
C e l e s t i a l  sensors ,  s t a r  and t h e  sun sensors ,  are required  f o r  
g y r o  c a l i b r a t i o n s  t o  c o r r e c t  f o r  t h e  s c a l e  f a c t o r  and the d r i f t  
r a t e ,  and f o r  the a t t i t u d e  i n i t i a l i z a t i o n .  

A horizon sensor may be added t o  the SBR miss ion  t o  improve the 
nadir  po in t ing  accuracy,  Addi t ion  o f  such a sensor w i l l  remove 
t h e  o r b i t a l  p o s i t i o n  error f rom t h e  cons idera t ion  o f  the t o t a l  
nadir  po in t ing  e r r o r ,  In  a d d i t i o n  the g y r o s  may be c a l i b r a t e d  
us ing  the  horizon sensor ,  t h u s  e l i m i n a t i n g  the need f o r  a star 
sensor - 

For f u t u r e  mi s s ions  w i t h  higher p o i n t i n g  requirements  than the 
ones d iscussed ,  the p r o p o s e d  s y s t e m  may be augmented b y  the 
a d d i t i o n  of an In t egra ted  Pla t form Po in t ing  and A t t i t u d e  Control  
S y s t e m  (IPPACS). Since  IPPACS i s  the b a s e l i n e  c o n t r o l  s y s t e m  f o r  
t h e  Mariner Mark I f  s p a c e c r a f t ,  it should n o t  r e q u i r e  a d d i t i o n a l  
dev t lop8en t -  IPPACS ri l l  be mounted on a two degrees o f  freedom, 
momentu8 compensated , i n e r t i a l l y  s t a b i l i z e d  p l a t f o r m ,  crith both 
a x i s  o f  r e v o l u t i o n  through the p l a t f o r m  c e n t e r  o f  mass, Also 
included on the p l a t f o r m  may be an ASTROS s t a r  t r a c k e r ,  an ACS 
processor,  and all o f  the poin ted  i n s t r u m e n t s ,  F i g u r e  3. 
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B-11. THERMAL FLUX FROM POWER SYSTEM TO REST OF SPACECRAFT 

P. Bhaudari 

June 25, 1986 
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JET PROPULSION LABORATORY INTEROFFICE MEMORANDUM 

3546-TSE-86-079 

April 16, 1986 

TO: Len Jaffe 

FROM : Pradeep Bhandari 

SUBJECT : Heat Flux Incident on the Antenna from the SP-100 Shunt Radiator 

An analysis has been completed to calculate and plot the heat flux 
distribution on the antenna due to the SP-100 shunt radiator. Various 
distances of the base of the radiator from the antenna have been considered 
for parametric runs. 

Figure 1 shows the configuration analyzed. The radiator is 4.3 m in diameter 
and 1 m in height. The radiator is 
located symmetrically with respect to the antenna. The range of distances (d) 
of the base of the radiator from the antenna which have been considered i s  5 
to 10m. 

The antenna is 64 m long and 32 m wide. 

Figure 2 shows the heat flux distributions as functions of distances from the 
centerline of the antenna. Each curve represents a constant value of d. Due 
to cylindrical symmetry, this set of curve suffices to describe the 

Heat flux is 2 distributions in any radial direction on the antenna 
represented as a percentage of the solar constant (1367 w/m ). 

Besides the configuration described earlier, the following assumptions were 
made for the analysis: 

(1) Radiator temperature = 836OK (corresponding to a 300 kw heat output for a 
surface emittance of 0.8). 

(2) Antenna temperature = j13OK (the exact value of this temperature is not 
very important because o f  T relationship for heat fluxes) 

(3) Heat fluxes presented are the amount incident on unit area of the surface 
and do not consider the amount which will actually be absorbed by the surface 
due to its infrared absorptance being less than unity. 

(4) Only the heat flux being emitted by the radiator and eventually incident 
on the surface is considered (i.e., direct or indirect solar radiation, earth 
& planetary albedo and IR, stellar radiation, etc., are not considered) 

Summarv of Plots: 

(1) In the range of distance, d, considered, the maximum heat flux incident 
on the antenna is about 23% of the solar constant (SC). The location of this 
maximum is at a radial distance of 6 m from the center, for a 5 m value of d. 

B-104 



Len Jaffe 2 April 16, 1986 

(2 )  The general trends are: 

A: For a constant distance of the base of the rad ia tor  from the antenna, 
d ,  the heat flux vs. distance from the center curve exhibits peaks 
close t o  the centerline. The  location of th i s  peak shif ts  farther 
away from the center as the distance, d ,  i s  increased. 

8: For any point on the antenna, increasing d decreases the heat flux on 
the point. 
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JET PROPULSION LABORATORY INTEROFFICE MEMORANDUM 

3546-TSE-86-125 

June 25, 1986 

TO: Len Jaffe 

FROM: Pradeep Bhandari 

SUBJECT : Comparison of Various Radiator Configurations in Terms o f  
Heating the SP-100 Radar or User Plane (300 kWe Design) 

INTRODUCTION 

Various radiator configurations are currently being studied for the SP-100 
project. These include the cross, roll -out flat panel, and cone-cy1 inder 
design. This memo concentrates on comparing the various concepts in terms of 
heating the radar (antenna) and the user plane. 

RADIATOR CONFIGURATIONS 

Previous memos presented by me discussed the flat panel and cone cylinder 
concepts in detail. Another concept which was studied recently is the cross 
design. Figure 1 shows in general how the main radiator is located with 
respect to the shunt radiator, PCC, and the radar antenna. The user plane and 
the separation distance are defined in the figure. 

Figure 2 shows the three radiator design concepts which are compared in this 
memo. Previous memos on the flat panel radiator concept had assumed a 
radiator operating temperature of 885OK (supplied by Rich Ewell) and radiator 
dimensions of 12.9m x 11.2 m (WXH). Recently a new design was proposed with 
dimensions of 17.8 m x 7.7 m (roll-out flat panel). 

The cone-cylinder configuration proposed by GE used a design radiator 
operating temperature of 836OK. This temperature was used to describe the 
performance of the cone-cy1 inder concept in previous memos. 

Due to the fourth power law (Figure 3) the effect of radiator temperature on 
the heat fluxes is very dramatic. Hence, to make a proper comparison the three 
radiator designs were analyzed on the common bases of temperature (836OK); 
emissivity (0.8); separation distance (25m, as defined in figure 1); and 
distance o f  user plane to radar (6m). 

HEAT FLUX ANALYSIS 

The cone-cylinder design is axisymmetric. Hence at any radial distance from 
the centerline of the radar, the heat flux distribution should be independent 
of direction. The same trend holds for the shunt radiator. 
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The normal to the roll-out flat plane is along the short dimension of the 
radar (direction B, Fig. 2). This is the direction along which the peak heat 
flux is located for this design. 

For the cross design, direction A is where the peak heat flux is located. 
This direction is defined in figure 2, and is at an angle of 4 5 O  to the cross 
panel s. 

I 

ASSUMPTIONS 

(1) Main and shunt radiator temperature = 836OK 

(2) C i r  = 0.8 

(3)  Electronics operating temperature = 3000K 

(4 )  Separation distance (reactor to user plane) = 25 m 

(5) 

(6) 

Distance of user plane to radar = 6 m 

Heat fluxes presented are the amount incident on unit area of the surface 
and do not consider the amount which will actually be absorbed by the 
surface due to its infrared absorptance being less than unity. 

(7) Only the heat flux being emitted by the radiator and eventually incident 
on the surface is considered (i.e., direct or indirect solar radiation, 
earth & planetary albedo and IR, stellar radiation, etc., are not 
considered). I 

I 
I RESULTS 

For each configuration, the direction in which the maximum heat flux is 
located was found, and the heat flux variation (% of solar constant) in that 
direction was plotted. The 
cone-cylinder design shows the highest peak, about 95% of the solar constant. 
The peak for the cross is about 32% while it is 30% for the roll-out flat 
plate. The shunt radiator plot shows a peak of about 10%. 

Notice the different shapes of the plots for each design. The cone-cylinder 
exhibits a peak close to the center, at a distance of 5 m. The shunt radiator 
shows similar trends, with its peak located at about 7 m from the center. The 
cross and flat plane, however, have peaks located much farther away, at the 
edge of the radar. 

Since the locations of peaks for the cone-cylinder and the shunt radiator are 
close to each other, they will tend to add up and increase the peak heat flux 
when both the main cone-cylinder and shunt radiators are operating at full 
load. This is not the case with the cross and flat plane configuration. 

Another aspect to be considered for the cone cylinder case is the large 
difference between the peak and minimum heat flux. This might require a large 
difference in the radar coating emittance in order to control the operating 

Figure 4 shows such a .plot for the radar plane. 
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temperatures  w i t h i n  reasonable  1 imits. Sh ie ld ing  the r a d i a t o r  o r  r a d a r  a t  
s t r a t e g i c  po in t s  should a l s o  be b e n e f i c i a l  for this des ign .  

The f l a t  plate roll ou t  pane l s  h e a t  f lux  d i s t r i b u t i o n  is  very  d i r e c t i o n  
s e n s i t i v e .  The peak f l u x  l o c a t i o n  is maximum i n  d i r e c t i o n  B, perpend icu la r  t o  
the r a d i a t o r ;  while i n  a d i r e c t i o n  along the r a d i a t o r  p lane ,  the  hea t  f l u x  i s  
zero .  This v a r i a t i o n  i n  h e a t  f l ux ,  however, is  n o t  a s e v e r e  a s  the cone- 
c y l i n d e r  concept. For the c r o s s  des ign ,  the peak h e a t  f l u x  is  l o c a t e d  i n  
d i r e c t i o n  A, a t  4 5 O  t o  the c r o s s  pane l s  (32% o f  SC) .  The maximum hea t  f l u x  
among the panel d i r e c t i o n s  i s  about 21% o f  SC, which  i s  n o t  s i g n i f i c a n t l y  
d i f f e r e n t .  Hence the c r o s s  i s  more d i r e c t i o n  i n s e n s i t i v e  a s  compared t o  the 
f l a t  panel design.  

F igure  5 shows corresponding p l o t s  f o r  the hea t  f l u x  d i s t r i b u t i o n  on the user 
p lane .  The genera l  t r e n d  i s  t h a t  the hea t  fluxes are much h ighe r  t h a n  t hose  
on the  radar  p lane  f o r  the cone-cyl inder  des ign  (the peak i s  about  2.5 times 
a s  l a r g e ) .  The peaks f o r  the c r o s s  and f l a t  panel des igns  are about  1.5 times 
l a r g e r  t h a n  those on the r a d a r  plane.  Not ice  t h a t  the peak hea t  f l u x  due t o  
the shunt  r a d i a t o r  i s  about 7 times l a r g e r  t han  on t h e  r a d a r .  

CONCLUSIONS 

(1)  The cone-cyl inder  des ign  p r e s e n t s  the most severe thermal l o a d s  on t h e  
r ada r  and user p lanes  compared t o  the cross and f l a t  panel des igns .  

(2 )  The c ross  and f l a t - p a n e l  des igns  a r e  very comparable i n  th is  r e s p e c t ,  
w i t h  the c r o s s  imposing s l i g h t l y  h ighe r  peak fluxes. 

( 3 )  The cone-cyl inder  des ign  has very l a r g e  v a r i a t i o n s  i n  the hea t  f l u x  ( a s  a 
func t ion  of  l o c a t i o n ) .  Th i s  would r e q u i r e  l a r g e  v a r i a t i o n s  i n  s u r f a c e  
emittances of the r a d a r  antenna or s t r a t e g i c a l l y  l o c a t e d  s h i e l d s .  
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